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Abstract
Catch per unit effort (CPUE) is an index of abundance used in fisheries stock
assessments. CPUE is typically calculated using fishery data and standardised using
statistical methods. A major assumption of fisheries stock assessments is that all
individuals are equally available to the fishery, neglecting the possibility that
individual-level variability in physical traits, internal states, and expressed behaviour
will likely change over time, affecting the probability of capture. However, many
knowledge gaps exist regarding behaviour of free-ranging species. This study used
fine-scale acoustic telemetry data to quantify free-ranging behaviour of the
commercially important European lobster to improve uncertainty surrounding
estimates of catch. Behaviour in the vicinity of traps was quantified using an
experimental approach that highlighted the highly variable response rate at which
lobsters approach traps, and the importance of field studies to capture the full range
of movements when compared to mesocosm studies. The interaction between animals
at traps is an important aspect of catch, but space-sharing and interaction between
free-ranging lobsters has not previously been quantified. A hierarchical approach was
used to assess space-sharing, contact rates, and fine-scale interaction between lobsters
of the same, and opposite sex. Some lobsters interacted with multiple individuals,
commonly on shelter providing substrate; space-sharing and interaction was likely
driven by more mobile males. Trap exposure has previously been correlated with
increased movement, but the fine-scale drivers of movement, and behavioural states
relating to movement, have not been identified. Different aspects of lobster movement
were investigated and drivers of movement varied by individual. Interpretation of
results varied with the sampling period highlighting the importance of correctly
matching the resolution of the behaviour to that of the data collection. Finally an
individual-based model was used to demonstrate how movement and behaviour of
lobsters can affect catch, to allow better informed sustainable management practices.
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Chapter 1. Introduction
1.1 Background
Movement is a fundamental aspect of many species life cycles; it can be of both
ecological and commercial importance, and has been the focus of much
research (Holyoak et al., 2008). Individual movement patterns can impact monitoring
protocols by affecting individual detectability (Bailey et al., 2004; Stewart et al., 2018;
Heupel et al., 2006). Management strategies of mobile resources should consider the
possible role of movement in connecting local populations (Morales et al., 2010), its
impact on population estimates (Horton and Letcher, 2008), and how movement
might influence the effectiveness of designated protected areas (Gru¨ss et al., 2011b,a).
Movement can take the form of self-propelled locomotion, or passive transport by
physical processes (Gilg and Hilbish, 2003), with many species utilising a number of
different habitat types throughout their life. For example, the life cycle of many
non-mammalian marine organisms includes a passive planktonic stage followed by a
later phase of self-propelled movement (Pechenik, 1999). Movement has evolved
through a number of biologically important processes including
density-dependence (Laurel et al., 2004), inbreeding avoidance (Cowen and
Sponaugle, 2009), habitat suitability (Van Dyck and Baguette, 2005), and physiological
constraints (Durban and Pitman, 2012); the understanding of these drivers is central
to the sustainable management of many species.
In recent years improved technology and miniaturisation has lead to an increase in
animal tracking, or bio-logging, resulting in near continuous tracking of individuals
and ever increasing large and complex datasets of animal movement (Nathan et al.,
2008; Tomkiewicz et al., 2010). However, there remains a lack of information on the
movement and home-range size of many commercially important marine species,
often due to cryptic behaviours, such as those exhibited by some crustacean species,
and by the added complexity of marine-based tracking that has traditionally lagged
behind terrestrial technologies (Pittman and McAlpine, 2003; Hussey et al., 2015). The
continued development of acoustic telemetry (Hockersmith and Beeman, 2012) means
that fine-scale, spatially precise locations can be achieved and acoustic telemetry is
now widely utilised across taxa providing an effective tool to address knowledge
gaps associated with fisheries management (Hussey et al., 2015; Crossin et al., 2017).
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The European lobster H. gammarus is a commercially important high value crustacean
throughout its eastern Atlantic range (Triantafyllidis et al., 2005). United Kingdom
landings of H. gammarus are currently responsible for 12 % of the value of all UK
shellfish landings (£12 -kg), despite only contributing 2 % of the total landings (Marine
Management Organisation, 2017). H. gammarus is one of only two species within the
Homarus genus. Much research has focussed on the closely related H. americanus in
response to historic declines, and although the recovery of H. americanus stocks is not
universal, some are now at a historic high and the fishery in the Gulf of Maine is now
the most productive and valuable fishery in USA (Steneck and Wilson, 2001). Despite
its high value and economic importance H. gammarus is not as well studied as H.
americanus and much of what is know about H. gammarus is inferred from studies on
the geographically separate H. americanus. Although both Homarus spp. are
commercially important the scale of the two fisheries differ dramatically (142418 mt
H. americanus compared to 4571 mt H. gammarus in 2013; F.A.O, 2016).
1.1.1 Homarus spp.
Homaridae are highly-mobile clawed lobsters that occur only in the North Atlantic
Ocean, with no overlap between their native ranges. The native range of H.
americanus is restricted to the western Atlantic coast, between Newfoundland, Canada
and the North Carolina coast, USA (Cobb and Castro, 2006). H. gammarus has a wider
distribution along the eastern Atlantic coast extending from the Arctic Circle to the
north African coast (Triantafyllidis et al., 2005; Wahle et al., 2013). Illegal
introductions and escapes of imported H. americanus have occurred and H. americanus
are present in small numbers within European waters (Van der Meeren et al., 2000;
Stebbing et al., 2012; F.A.O, 2016). Despite some visual similarities H. americanus
appears redder and possesses a ventral tooth on the rostrum that is absent on H.
gammarus. Although both species are genetically similar (Hedgecock et al., 1977)
important differences do exist. H. americanus is more aggressive, more fecund, and
although there are overlapping habitat requirements between the two species, H.
americanus inhabitants a broader range of habitats than H. gammarus (Van der Meeren
and Uksnøy, 2000; Van der Meeren et al., 2000), and a greater range of depths (100 m
compared to 57 m; Hudon, 1994; Moland et al., 2011a).
Homarus spp. have an important and varied role within the benthic
ecosystem (Boudreau and Worm, 2012) as prey (Oppenheim and Wahle, 2013;
McMahan et al., 2013), scavengers (Hallba¨ck and Waren, 1972), and occasionally as
dominant predators (Hagen and Mann, 1992; Hanson, 2009). The predation risk to
lobsters decreases as they grow (Wahle and Steneck, 1992), and while early benthic
phase H. gammarus are predated by small fish and crabs (e.g. Ciliata mustela and
Carcinus maenas Ball et al., 2001), little is known about other natural predators of adult
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H. gammarus. It is possible to infer possible predator types, that may pose a threat,
from lobsters with a similar geographic range (Smith et al., 1998c), such as triggerfish,
a predator of the Mediterranean slipper lobster Scyllarides latus (Barshaw and Spanier,
1994). Large ground-fish and sharks are known predators of H. americanus (Cooper
and Uzmann, 1980) and day time predation by crabs has also been recorded (Carcinus
maenas Oppenheim and Wahle, 2013). In areas where high population densities of H.
americanus exist, and where numbers of natural predators like large predatory
ground-fish have become depleted, nocturnal cannibalism among H. americanus can
occur (Oppenheim and Wahle, 2013). Recent video footage showing escaped H.
americanus within the native range of H. gammarus has confirmed the possibility of
predation of H. gammarus by H. americanus (Øresland et al., 2017). There is a lack of
information concerning H. gammarus diet composition, but it will depend on the
availability and abundance of prey, the size of the individual, its moult cycle, and sea
temperature, and likely include crabs, echinoderms, bivalves and carrion in varying
proportions (Hallba¨ck and Waren, 1972). Some U.S. fisheries are likely sustaining H.
americanus at inflated levels due to the large amount of bait being placed in the
water (Grabowski et al., 2010).
1.1.2 Olfaction
As marine invertebrates, lobsters are generally assumed to have basic social
structures and relatively simple behaviours (Karavanich and Atema, 1998a); however,
both laboratory and field experiments have shown Homarus spp. to be capable of
establishing and maintaining dominance hierarchies and visually recognising
individual conspecifics (Karavanich and Atema, 1998a; Karnofsky and Price, 1989b;
Kaplan et al., 1993; Gherardi et al., 2010). Relatively poor vision means that lobsters
rely heavily on chemical signals released in urine that are subsequently modified in
the olfactory pathway via sensors on the antennules and legs (Kaplan et al., 1993).
Lobsters are prone to losing appendages (Scarratt, 1973), and overlap in
chemosensory ability between appendages likely protects against loss of
function (Devine and Atema, 1982). These chemical signals modulate behavioural
responses including, aggression (Skog et al., 2009), mate selection (Atema, 1971; Skog,
2009b; Bushmann and Atema, 1997), and prey searching (Devine and Atema, 1982;
Moore et al., 1991). Laboratory experiments have shown H. americanus capable of
remembering a previously encountered dominant conspecific for up to 24 h, and in
some instances, 1-2 weeks if the individuals were kept separately (Karavanich and
Atema, 1998b).
When foraging, the source of an odour is located quicker when both sensors on the
antennules and legs are used (Horner, 2004). The speed at which crustaceans track
plumes indicate that they are not using time-average concentration
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gradients (Webster and Weissburg, 2001), and instead use the spatial and temporal
structure of the odour concentration to locate its source (Webster and Weissburg, 2009;
Reidenbach and Koehl, 2011). The characteristics of a plume can determine a
crustacean’s success in tracking it, with greater success attributed to intermittent
plumes (Weissburg and Zimmer-Faust, 1993), rather than those with more constant
conditions. Distance olfaction and orientation when foraging primarily involves the
chemoreceptors on the lateral antennules, as an individual approaches the source of a
signal the chemoreceptors on the walking legs become increasingly involved in prey
searching and recognition of the prey item (H. americanus Moore et al., 1991;
Reidenbach and Koehl, 2011). Foraging success in a plume is affected directly by the
speed of the flow and the degree of turbulence (Moore et al., 1991; Weissburg and
Zimmer-Faust, 1993), but also the animals orientation and ability to move in increased
flow conditions (Howard and Nunny, 1983; Weissburg and Zimmer-Faust, 1993).
If the release of urine by H. americanus males is blocked then visitations by females to
male occupied burrows are shorter and less frequent (Bushmann and Atema, 2000);
however, urine released in an empty burrow does not restore normal female
behaviour indicating that more complex chemical signalling or sexual selection are
involved. Although most of the studies of Homarus spp. mating behaviours have
focussed on H. americanus, female H. gammarus are also able to differentiate between
conspecific and heterospecific males when selecting a possible mate (Van Der Meeren
et al., 2008). In a series of experiments where the antennules of both sexes of H.
gammarus were ablated Skog (2009b) found that male olfaction in H. gammarus was
necessary for intermoult matings as ablated males demonstrated fewer
pre-copulatory behaviours and a significantly reduced number of matings; there was
no significant difference between ablated females and non-ablated females. This
suggests that a female sex pheromone is present throughout the moult cycle, and that
female sexual behaviour may be influenced by other aspects of sexual selection (Skog,
2009b).
1.1.3 Habitat use
Homarus spp. have a strong association with shelter-providing habitat (Wahle and
Steneck, 1992; Wahle, 1992b) and remain shelter-dwellers throughout their
lives (Galparsoro et al., 2009). The early benthic phase of H. gammarus has proved
particularly difficult to study and young-of-year individuals have still to be identified
in the field (Linnane et al., 2001; Mercer et al., 2001). Although information on their
abundance and distribution is lacking, habitat requirements are likely similar to H.
americanus (Incze and Wahle, 1991; Wahle and Steneck, 1991) and linked to predation
avoidance (Wahle, 1992a; Linnane et al., 2000), and avoidance of unfavourable
conditions (Bertness et al., 1996; Sheehy and Bannister, 2002). Substrata with
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pre-existing interstitial spaces are of particular importance (Linnane et al., 2000; Ball
et al., 2001); both H. gammarus and H. americanus spend the majority of their first 2-3
years remaining within a shelter. Lobsters become increasingly free from predation
pressure as they grow, their association with shelter weakens and large individuals
become more mobile (Wahle and Steneck, 1992; Wahle, 1992a). Despite an increase in
mobility of adult Homarus spp. seabed topography and habitats containing rocky
outcrops continue to provide avoidance of predators and unfavourable
environmental conditions such as strong currents (Howard and Nunny, 1983). The
use of shelters to avoid predators increases during the pre-moult period and may
result in increased interaction between animals (Karnofsky et al., 1989a); however, it is
not clear if this is an indirect result of increased activity. Homarus spp. may select
shelters that are proportional to their body size (Cobb, 1971; Dybern, 1973). Therefore
the abundance, availability and distribution of suitably sized shelter can limit the size
of individuals within a population (Howard, 1980). For example, larger individuals
will be limited in their ability to excavate under rocky outcrops in soft substrate due
to potential collapses (Howard, 1980). Similarly an area of many small rocks will
provide a greater number of small potential burrows whereas a similar area of larger
rocks will provide a smaller number of larger burrows (Caddy and Stamatopoulos,
1990). As such, crustaceans reaching a critical size may die, disperse, or if possible,
limit growth in response to resource limitation, such as an inadequate number of
suitably sized shelters (Beck, 1997; Bowlby et al., 2007).
Competition for shelters is a central part of the mating behaviour of both male and
female Homarus spp. (Karnofsky et al., 1989a; Debuse et al., 2003) and a size difference
between individual lobsters of as little as c. 5 % (c. 15 mm, carapace length (CL) range
84-115 mm) can determine the outcome of an aggressive interaction (Scrivener, 1971).
H. gammarus males fight other males, and females will fight both females and males
for occupancy of a shelter (Debuse et al., 2003). These agonistic interactions are
particularly important as shelters enhance the guarding of the soft-shelled female,
both pre and post-copulation (Karnofsky et al., 1989a), and protect against additional
matings with competing males (Atema et al., 1979; Waddy and Aiken, 1986). Shelters
are only shared by adults during the mating period (Ennis, 1984; Karnofsky et al.,
1989a). Cohabitation of H. gammarus begins several days before the female begins
moulting, mating takes place shortly afterwards; this usually takes place in the
summer with ovigerous females appearing from September (Pawson, 1995). H.
gammarus males that hold multiple shelters concurrently are able to attract more
potential females (Debuse et al., 2003). However, at low shelter density female H.
gammarus are attracted more by the size of a mate than their ability to obtain a
shelter (Debuse et al., 2003).
The degree of shelter fidelity varies between individuals (Karnofsky et al., 1989a) and
adult Homarus spp. are capable of evicting others (Karnofsky et al., 1989a; Scopel
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et al., 2006). Evictions may be the result of local dominance or
territoriality (Karnofsky et al., 1989a; Karnofsky and Price, 1989a). The defence and
continued possession of a shelter may be the best option if shelters are energetically
expensive to excavate or competition from conspecifics is high (Karnofsky et al.,
1989b; Karnofsky and Price, 1989b), with owners potentially having a competitive
advantage in disputes with intruders (Leimar and Enquist, 1984). Lobsters possess a
fine-scale awareness of their surroundings and can use their tail-flip escape
mechanism to move backwards towards the nearest shelter; if the entrance is blocked,
they can move towards the next nearest shelter (Karnofsky et al., 1989a, H.
americanus). Homing behaviour in lobsters is little studied (Vannini and Cannicci,
1995). Lobsters often return to a current shelter or one they have previously occupied,
but the number of shelters used by a lobster is likely to vary seasonally (Ennis, 1984).
Released lobsters have also been observed returning to the shelters where they were
initially captured (Karnofsky et al., 1989a). If individuals return to occupy the same
shelter after each foraging trip, rather than moving to a new one, they become
central-place foragers (Orians and Pearson, 1979) and have to balance trade-offs
between predation, distribution of foraging resources, time constraints and cost of
locomotion. Homing could occur over large scales, particularly for H.
americanus (Pezzack and Duggan, 1986). More generally it is likely to differ between
juveniles and adults, be highly variable between individuals (Herrnkind, 1983), and
depend on the availability of shelter-providing habitat of suitable dimensions.
1.1.4 Movement patterns
Studies have found H. gammarus movements to be relatively limited (Smith et al.,
2001; Agnalt et al., 2007; Moland et al., 2011b; Wiig et al., 2013) with modest
home-range sizes and long-term site fidelity (Moland et al., 2011b; Wiig et al., 2013).
Smith et al. (2001) found that 95 % of H. gammarus recapture distances were less than
3.8 km from the original capture site and individuals inhabiting artificial reefs have
been recaptured in the same location for more than 4 years (Jensen et al., 1994).
Agnalt et al. (2007) also found that the majority of released females (84 %) moved less
than 500 m and only a few moved farther than 1 km. In contrast H. americanus is
known to exhibit both resident and dispersal movement patterns in response to
resource availability (Watson III et al., 1999; Bowlby et al., 2007), with some inshore
animals travelling more than 90 km from release sites (Campbell and Stasko, 1986)
and individuals in offshore habitats, near the continental shelf, moving in excess of
100 km (Cooper and Uzmann, 1971). Ovigerous H. americanus are capable of
undertaking deep-shallow water migratory movements in order to experience
optimal water temperatures necessary for egg development to occur within a 9-12
month period (Campbell, 1986). Although small numbers of H. gammarus undertake
longer distance movements of up to 45 km (Smith et al., 2001) the motivation and
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frequency of these behaviours is not known, and there is no conclusive evidence for
more than one movement related behavioural state (Moland et al., 2011b; Wiig et al.,
2013; Skerritt et al., 2015). There is evidence that lobsters move differently on different
substrates, undertaking faster more directional movement on sediment substrates
compared to heterogenous rocky substrate (Skerritt et al., 2015), and potentially use
sediment channels between rocky habitats to commute between preferred areas of
habitat (Geraldi et al., 2009). Homarus spp. lobsters are mostly slow moving (mean H.
americanus 0.9 m min−1 (O’Grady et al., 2001)), although movement at speeds can
reach 2.5 m min−1; movement is generally considered to be undertaken in short
bouts (Taylor, 1982). These measurements are from tank studies and movement under
natural conditions would be expected to be highly variable and a function of the
sampling rate.
Movement rates of both H. gammarus and H. americanus are both correlated with
changing environmental conditions such as, water temperature (Smith et al., 2001;
Bowlby et al., 2007; Jury and Watson, 2013) or salinity (Watson III et al., 1999), habitat
suitability and availability of shelter (Howard, 1980). Movements of juvenile H.
americanus are higher in contiguous cobble habitat than in habitat that is more patchy
in its distribution (Hovel and Wahle, 2010). Seasonal changes in environmental
conditions could be a driver of lobster movement due to density dependence
associated with the changing availability of suitable habitats (Bowlby et al., 2007).
Lobsters are ectothermic and seasonal variation in sea temperature means that
activity is greatest in months associated with higher temperatures (Smith et al., 1998c,
1999, 2000; Moland et al., 2011b; Skerritt et al., 2015; Lawton and Lavalli, 1995).
Significantly lower activity levels have also been observed during the day time (Smith
et al., 1998c, 1999, 2000) and at shallower depths during the night (Moland et al.,
2011a); this diel pattern in activity tracks changes in the timing of sunset and sunrise
and therefore could be triggered by changes in light levels as day length varies
seasonally (Smith et al., 1999). There can also be a relative increase in diurnal activity
when high turbidity limits the levels of light reaching the seafloor (Smith et al., 1999)
further supporting an effect of daylight intensity. A peak in activity in the hours
immediately after sunset can be explained by a need for individuals to forage after a
sustained period without food due to the limited opportunities in or close to their
burrows (Smith et al., 1998c). The diet of adult lobsters includes prey items that may
be more abundant and easily available at night (Hallba¨ck and Waren, 1972; Cooper
and Uzmann, 1980) and therefore emergence could coincide with an increase in prey
availability (Smith et al., 1998c). However, carrion and slow or sessile prey
items (Cooper and Uzmann, 1980; Hallba¨ck and Waren, 1972) are available during the
day suggesting day time shelter use is, at least in part, due to additional threats from
visual predators (Smith et al., 1998c). For example, although individual movements
by H. americanus are highly variable, they can reduce and expand the size of their
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home ranges in response to the presence and absence of a predator (Gadus morhua
McMahan et al., 2013).
There can be high individual variation in the movement patterns of H.
gammarus (Moland et al., 2011b; Skerritt et al., 2015). Although several studies have
been unable to identify a difference in the movement patterns between the
sexes (Moland et al., 2011b; Wiig et al., 2013) a study using fine-scale spatial and
temporal data (Skerritt et al., 2015) found that although core movement (50%
utilisation distribution (UD)) patterns were similar, males moved further from shelter
than females, and therefore had significantly larger home-ranges (95UD) and a
greater likelihood of utilising multiple areas. Individual variability in the tendency to
undertake longer range movements may also indicate differing
‘personalities’ (Gosling, 2001; Wolf et al., 2007) within populations where some
animals are transitory and others are regarded as residents. Personalities have been
observed in a wide range of taxa (e.g. birds (Garamszegi et al., 2009; Gabriel and
Black, 2010)), mammals (Svartberg, 2005; Re´ale et al., 2009; Dammhahn, 2012),
fish (Huntingford, 1982; Wilson and Godin, 2009; Chapman et al., 2011),
cephalopods (Mather and Anderson, 1993) and cnidaria (Briffa and Greenaway, 2011;
Rudin and Briffa, 2012)). Differences in an animal’s predilection for more exploratory,
risk-taking behaviour may stem from early life environment (Chapman et al., 2010),
perceived predation risks (Bell and Sih, 2007) and food availability (van Overveld and
Matthysen, 2010). However, these behavioural types within decapods have received
little attention compared to cephalopods and vertebrates; most research is restricted
to the hermit crab Pagurus bernhardus (e.g. (Briffa et al., 2008; Mowles et al., 2012)).
These disparities between the movement patterns of lobsters could lead to
unintentional targeting of particular life-histories within a fishery, if increased trap
exposure results in an increased probability of capture.
1.2 Fisheries
In the UK H. gammarus are targeted as part of a mixed fishery along with brown crab
Cancer pagurus, and to a lesser extent the velvet swimming crab Necora puber. Species
are caught within the Northumberland fishery using baited two-chambered parlour
traps that are deployed in strings from small and medium size vessels (<10 m
Stephenson et al., 2017). Individuals enter the ‘kitchen’ chamber of the trap to access
the bait, once the animal moves through to the second ‘parlour’ chamber the
likelihood that the animal will escape from the trap is greatly reduced. Lobster traps
only catch a small percentage of the animals that approach them (Karnofsky and
Price, 1989a; Jury et al., 2001). Jury et al. (2001) found in a field-based experiment that
of the ca. 300 H. americanus that approached the trap only 4 % entered and of those
lobsters only 6 % remained in the trap and were captured. The more traps that are
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within an individual’s home range the lower the survival probability that individual
may have due to a higher trap exposure rate (Wiig et al., 2013). The relationship
between movement, habitat and catchability is still unclear. In a study by Geraldi
et al. (2009) 80 % of H. gammarus were retrapped on the same substrate that they were
originally captured on. Individuals were also more likely to be recaught by the same
trap if initially caught on rocky substrate, compared to those trapped on sediment
where catch rate was highest despite the highest densities occurring on rocky
substrate (Geraldi et al., 2009). This may indicate a difference in catchability between
those that move and those that do not. It is possible that bait plumes are ‘funnelled’
along channels of soft sediment and are easier to detect than those on rocky
substrate (Geraldi et al., 2009; Tremblay and Smith, 2001; Weissburg and
Zimmer-Faust, 1993). Dunnington et al. (2005) found that the relationship between
substrate and catch rate was more marked for sub-legal(<83 mm CL) than legal
lobsters (≥ 83 mm CL), where sub-legal lobsters were more consistently trapped on
sediment, compared to legal lobsters that were not associated with one particular
substrate. However, given the that smaller lobsters are more shelter
dependent (Wahle and Steneck, 1992; Galparsoro et al., 2009) this association may be
more related to the age-structure of the population, and habitat quality and
availability than mobility (Wahle et al., 2013).
1.2.1 Stock assessment
Stock assessments of H. gammarus are often based on fishery-dependent data gathered
via commercial fishers. These data provide low-cost information on both the
distribution and the abundance of stocks, where abundance is expressed as catch per
unit effort CPUE (Hilborn and Walters, 1992). In its simplest form CPUE is assumed
to be proportional to abundance
C
E
= Nq (1.1)
where C is the catch, N is the stock abundance, E is the fishing effort, and q is a
constant of gear efficiency i.e. the proportion of fishery captured by 1 unit of effort
also known as the catchability coefficient (Ricker, 1975). This relationship assumes
catchability is constant or varies around a constant mean (Quinn II and Deriso, 1999).
This equation can be rearranged so that catch C is proportional to effort and a
(negligible) fishing mortality (Hilborn and Walters, 1992)
C = qEN (1.2)
Catchability is likely to vary spatially and with time, and this is particularly
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problematic for crustacean fisheries (Miller, 1990). If trends in CPUE are ignored the
resulting estimates could be biased and result in “hyperdepletion”, where the stock is
estimated to have declined more than it has, or “hyperstability” where it is estimated
the stock has remained high, but has actually declined (Hilborn and Walters, 1992).
The ability of traps to catch lobsters not only depends on gear design and
selectivity (Elner, 1980; Krouse, 1989), but also environmental variables such as
habitat composition (Tremblay and Smith, 2001), temperature (Fogarty, 1988;
McLeese and Wilder, 1958) and current flow (Howard and Nunny, 1983), and can
relate to individual qualities such as, size, sex and reproductive status. The distance
between traps can also have an impact on the catch rate of each trap; if traps are too
close and not independent of each other, the first and last trap of each string will have
a higher catch rate due to a larger effective trapping area, i.e. reduced overlap with
adjacent traps, (Smith and Tremblay, 2003). The assumption that trap catches are
representative of the true population is one major limitation in using
fishery-dependent data for stock assessment as the accuracy of catch rate, as a proxy
for abundance, depends on how well other external factors that affect catch rate are
understood (Maunder and Punt, 2004; Stoner, 2004). However, fishery-independent
surveys of crustacean populations are usually time intensive, costly and difficult due
to the cryptic nature and strong associations with shelter that are common throughout
the lifecycle of many species (Addison and Bell, 1997; Smith and Tremblay, 2003).
Many modelling approaches have therefore been developed to account for the
well-known shortcomings of fishery-dependent data (Addison and Bell, 1997;
Fogarty and Addison, 1997; Bell, 2001; Chen et al., 2005). However, the lack of
information on how and where the postlarval stage H. gammarus are recruited to the
benthos can create problems for stock assessments and has limited the success of
studies aiming to quantify re-stocking programmes and the long-term enhancement
of fisheries (Sheehy and Bannister, 2002; Linnane et al., 2001).
Many lobster fisheries consist of small independently owned boats operating within
traditional areas or recognised territories (Turner et al., 2013). Lobster populations are
often assumed to be stable (Bannister and Addison, 1986) including the
Northumberland H. gammarus population (Cefas, 2017), but reactive management can
fail to protect stock declines as seen in Norwegian stocks between the 1960s and
1980s (Dow, 1980); the Norwegian stock size and recruitment have been slow to
recover despite increased regulation (Agnalt et al., 2007). The regional socio-economic
importance of lobster fishing within coastal areas, means that any over-exploitation
and resultant reactive management could severely impact fishers and their
communities (Kafas et al., 2017). Currently the exploitation levels within the
Northumberland fishery are very high (Cefas, 2017) and a greater understanding of
stock and fishery dynamics would enable more proactive evidence-based
management. However, as lobsters shed their exoskeleton at each moult period they
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can not be aged with the same ease as fin-fish. Ageing can be determined using
laboratory animals of known age or from growth rates derived from mark-recapture
studies; while useful for the early stages after settlement this approach is ultimately
limited by the increasing variability in individual growth rates as lobsters age (Wahle
et al., 2013). The indeterminable age of lobsters limits the use of many of the widely
available models of age-structured populations available for fin-fish fisheries (Smith
and Addison, 2003; Punt et al., 2013). Biomass models are widely used, modelling
biomass as a function of recruitment, growth and natural mortality; however,
population age or size-structure is not included and therefore their usefulness is
limited to monitoring change rather than detailed understanding of dynamic
processes (Smith and Addison, 2003; Hilborn, 1997). CPUE is often used in biomass
models, but can vary (e.g. seasonally Frusher and Hoenig, 2003; Ziegler et al., 2002, J.
edwardsii), therefore the assumption of constant q is often violated resulting in stock
size and fishing mortality being poorly estimated (Maunder and Punt, 2004; Miller,
1990). The biomass approach can be extended to include biological parameters and
time-delayed processes, such as the delay between spawning and recruitment, and
are known as delay-difference models (Hilborn and Walters, 1992). Although
delay-difference models are age-structured they are not as complex as formal
age-structured models, due to simplified assumptions in respect of growth, fecundity,
survival and selectivity (Smith and Addison, 2003). Data poor stocks can be modelled
using depletion models; however, depletion models also use CPUE, making them
sensitive to any errors associated with q (Ricker, 1975; Miller, 1990). Current H.
gammarus stock assessments (Cefas, 2017) use length-based cohort analysis (Jones,
1981, 1984) to estimate abundance and size selectivity from size-frequency data,
assuming constant recruitment (equilibrium), all individuals are equally available to
the fishery, and fishery data are accurate. The assumption of equilibrium is critical,
and if violated data should be from a time period where there is no significant trends
in recruitment or exploitation (Hilborn and Walters, 1992).
Integrated size-structured population models (e.g. H. americanus Chen et al., 2005) can
be used in place of age-structured approaches and are similar to stage-structured
population models in that each stage represents a different size class (Punt et al., 2013,
2016). The probability that the animal will grow, given its size, and move from one
stage to another needs to be known, as well as the number of time steps between
growth (the moult period) (Punt et al., 2016). These models can use data from a
variety of sources and include tagging data from recaptured individuals to inform
growth parameters (e.g. Siddeek et al., 2016) as well as environmental covariates (e.g.
Cao et al., 2017). The width of each stage classification is important and the
misclassification of immature versus mature animals can increase as bin-width
increases (Szuwalski, 2016). The optimum number of size classes used to model
populations is a current area of research, but is likely a trade-off between accuracy
11
and run time (Monnahan et al., 2016). The size and growth rate of crustaceans also
varies spatially and temporally depending on environmental conditions and habitat
availability (Howard, 1980), creating potential uncertainty associated with growth
rate estimates (Punt et al., 2016). The spatial distribution of catch rate can provide
useful management insights; however, as fish, and therefore fishing effort are rarely
randomly distributed, indices of effort and abundance are often only indicative of
localised areas (Walters, 2003). Integrating spatial effort data over time can result in
strong assumptions about the state of stocks in lesser or unfished areas, and if trends
in effort are ignored the resulting estimates will likely be biased (Walters, 2003).
1.2.2 Bait attraction
Although lobsters are not exclusively nocturnal, movement rates (Scopel et al., 2006)
and consequently trap visitations (Watson III et al., 2009) tend to be higher at night,
potentially affecting catchability (Bannister and Addison, 1986). Similarly, tagged C.
pagurus (Skajaa et al., 1998) only responded to bait between 2245 and 0130, regardless
of when traps were set, suggesting that diel rhythms influence susceptibility to bait,
and that animals may only respond to chemical stimuli when in the appropriate
physiological state. The motivational state of an individual may also influence its
likelihood of approaching a trap; recently moulted individuals may approach a trap
more readily than an individual that has not undergone ecdysis due to increased
feeding activity in the post-moult recovery period (Zimmer-Faust, 1989). The type of
bait used in the trap can determine the attraction to traps depending on its
palatability, but also the size and strength of the bait plume it generates (Mackie et al.,
1980). Higher temperatures can also result in an increase in activity rates and
potentially an associated increase in catchability of lobsters due to an increase in their
metabolic rate (McLeese and Wilder, 1958)
The problems associated with using fishery-dependent data for stock assessment and
mark-recapture studies are relatively well known and several methods to standardise
and address the heterogeneity in the probability of capture and reporting have been
developed (Eggers et al., 1982; Smith and Jamieson, 1989; Bell, 2001). CPUE is
routinely standardised using generalized linear or mixed models (Maunder and Punt,
2004); however, the success in standardising estimates will rely on how well the
underlying conditions are described or understood, particularly those relating to
fishing efficiency (Ye and Dennis, 2009). Understanding how the movement and
activity of lobster varies overtime is important to improving our estimates of
CPUE (Stoner, 2004). It is useful to consider capture as a two stage process. Firstly the
lobster has to be present in, or move into, an ‘area of bait influence’ where the plume
from the baited trap has a demonstrable effect on the individuals behaviour, or
orientation. The individual then enters the ‘trapping area’ where the probability of
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capture is > 0. The resulting ‘catchability coefficient’ (Miller, 1989, 1995, 1990) is
assumed from the ‘effective trapping area’, a hypothetical area where the probability
of capture is 1. However, determining the size of these hypothetical areas and the
proportion of the population targeted is not straightforward (Miller, 1990; Bell, 2001).
The CPUE of H.gammarus is considerably lower than crabs and can be less than 1% of
C. pagurus CPUE (Bennett, 1974). Olfactory cues and navigational mechanisms are
fundamental to how, why, and over what distance lobsters are attracted to baited
traps, with area of attraction shaped by both the speed and direction of the
current (McQuinn et al., 1988). The ‘effective trapping area’ may be smaller in
locations with strong currents, perhaps due to currents diluting the bait odour
plume (McQuinn et al., 1988). However, it can be difficult to disentangle the effect of
current speed on the area of bait influence as many marine benthic animals, including
lobsters (Howard and Nunny, 1983), move less under these conditions, affecting
catchability.
Data gathered using tracking technologies has allowed individual responses to
baited-traps to be identified, through either a change in speed of an individual (Skajaa
et al., 1998) or an acuteness in the change of direction (≥ 30 degrees) (Watson III et al.,
2009); an approach to a baited-trap without a change in speed or direction of travel
would constitute no response to the bait. Average time spent by lobsters at traps can
range from 81 min (range 10 min - 720 min) (Watson III et al., 2009) to 230 min (P.
cygnus (Jernakoff and Phillips, 1988)). Due to the potentially large distances moved
more field-based studies are needed to fully describe the range of movement
behaviours in response to bait under different environmental conditions, and
population densities (Stoner, 2004).
1.2.3 Behavioural interactions
Trap saturation is the reduction in the effectiveness of a trap as the catch
increases (Beverton and Holt, 1957). Conspecific and heterospecific behavioural
interactions in and around traps can affect catchability (Addison, 1995; Jury et al.,
2001). Traps pre-stocked with H. gammarus of either sex have a lower catch rate as
individuals are less likely to enter a trap if it is already occupied by a
conspecific (Addison, 1995; Jury et al., 2001). Richards and Cobb (1983) found a
reduction in catch of 43 % and 65 % for H. americanus over 24 h when traps were
pre-stocked with three or eight individuals, respectively; CPUE was also reduced for
both Cancer borealis and Cancer irroratus. Traps do not catch very small lobsters that
can easily escape; catchability of lobsters can increase with size (H. americanus Ennis,
1978; Miller, 1995), and potentially differ between the sexes (Miller, 1995). Therefore,
the relationship between catch and abundance weakens as lobsters increase in
size (Watson and Jury, 2013). Individuals exhibiting size-related dominance can evict
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smaller individuals, or if already in the trap, they can prevent smaller individuals
from entering (Jury et al., 2001). For this reason the maximum capacity of a trap is
unlikely to be realised. If other animals are deterred from entering a trap due to the
presence of an individual then CPUE is no longer linearly related to stock abundance
and could lead to biased stock assessments (Addison, 1995). CPUE can also be
affected by the immersion period or ‘soak time’ of the trap (Bennett, 1974; Lovewell
et al., 1988; Miller and Rodger, 1996) and while catch rate can increase with soak time,
it does so non-linearly (Lovewell et al., 1988). The timing of trap saturation will also
likely vary with the size of lobsters caught. Smaller lobsters may be attracted first and
larger, less abundant, more mobile lobsters attracted later in the soak (Watson and
Jury, 2013). As catch is known to be asymptotic with soak time (Miller, 1976) short
soak times are often advocated (Miller and Rodger, 1996). These behavioural
interactions could lead the distribution of individuals to appear random when the
true population may be more aggregated (Addison and Bell, 1997). Behavioural
interactions may also have a greater influence on the catchability of lobsters than
depletion of local stock in the vicinity of the trap, or the decline in bait attractiveness,
that occur during the duration of the soak time (Addison and Bell, 1997).
1.2.4 Management strategies
H. gammarus landed in the UK are subject to a minimum landing size (MLS) of 87 mm
CL, but larger MLS can occur regionally; Devon & Severn, Cornwall, and Isles of
Scilly all enforce an MLS of 90 mm CL. These MLS attempt to prevent the landing of
immature individuals and maximise the yield per recruit (Gendron, 2005). However,
it is likely that the truncation of the true size distribution still occurs as larger animals
are harvested. The size at which individuals reach maturity can vary between
populations (Liza´rraga-Cubedo et al., 2003), and there is evidence that a decrease in
size at maturity of female lobsters in Canadian fisheries is an evolutionary response
linked to long-term exploitation (Haarr et al., 2018). Additional management
measures to boost the reproductive potential of stocks include ‘v-notching’ and a ban
on the landing of ovigerous females. V-notching involves removing a triangular area
from the uropod from reproductive size females, this area remains visible for
approximately two moult cycles during which time the landing of these marked
individuals is banned (Acheson and Gardner, 2011). In areas where recruitment is
limited, this has proved successful in boosting the reproductive potential of
stocks (Tully, 2001).
In England the management of fisheries that exist within 6 nm are managed by ten
Inshore Fisheries and Conservation Authorities (IFCAs); IFCAs are also responsible
for Marine Conservation Zone (MCZ) management. The Northumberland Inshore
Fisheries and Conservation Authority (NIFCA) release approximately 1000 v-notched
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female lobsters annually, these individuals are bought from wholesalers and released
throughout the NIFCA district (NIFCA, 2017). A total of 20174 animals have been
released since the scheme began in 2000, and additional informal v-notching is carried
out by fishers at sea; in 2017 90 % of v-notched females were ovigerous (NIFCA, 2017).
The landing of shellfish parts, mutilated individuals (e.g. missing uropods which may
obscure v-notching), and soft-shelled individuals is also banned. There has been an
increase in trap-fishing effort in recent years, and an increase in catch between 2001
and 2014 (Stephenson et al., 2017). This is potentially due to declining finfish
populations resulting in an increase in fishers targeting shellfish (Molfese et al., 2014).
Since 2009 the number of traps that can be fished per vessel within NIFCAs
jurisdiction has been limited to 800, the impact of this on fisher behaviour is likely to
be limited (Stephenson et al., 2018) as fishers may increase their effort to reflect
management limits (Acheson and Brewer, 2003). A female biased sex ratio for lobsters
has been previously identified (Thomas, 1955). However, this is not apparent from
commercial catches where both sexes are equally represented (Mesquita et al., 2017).
If there was a sex bias within a population, a behavioural difference between the sexes
that increased the catchability of the underrepresented sex, such as increased
movement, could mean that the skewed population composition would be
undetectable in the fishery (Skerritt, 2014). There is some preliminary evidence of a
female skewed sex ratio in the Northumberland lobster population from
mark-recapture data, but these findings have not been validated using diver surveys
and should be interpreted cautiously (Skerritt, 2014).
1.2.5 Marine Protected Areas
Marine Protected Areas (MPAs) and Marine Conservation Zones (MCZs) are
designated areas for the protection of marine habitats and or species of conservation
importance. These designations can include ‘no-take zones’ that exclude all fishing
activities, both recreational and commercial, as well as areas with restricted activity
offering partial protection (e.g. recreational fishing only). The main objectives of these
designations are species recovery or habitat regeneration in the complete or partial
absence of anthropogenic pressures. MPAs can increase the CPUE and biomass of H.
gammarus (Moland et al., 2013). The degree to which marine reserves can benefit
commercial fisheries has in the past been unclear due to the lack of appropriate
control sites and spill-over effects are hard to demonstrate without comparative
measures of emigration and immigration from control areas (Moland et al., 2013; Gon˜i
et al., 2010). There is a potential confounding effect that high quality habitat is more
likely to be afforded protection and that the increase in biomass or productivity is
related to habitat and not to the degree of protection awarded (Gell and Roberts,
2003). ‘No-take zones’ have proved successful in increasing the survival, abundance
and or biomass of several commercially valuable lobster species: H.
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gammarus (Sainte-Marie et al., 2011), H. americanus (Rowe, 2002), spiny lobster Jasus
edwardsii (Kelly et al., 2000; Shears et al., 2006); however, partial protection (i.e.
recreational fishing only) has proved less successful (Shears et al., 2006). Quantifying
animal movement is key to understanding the spatial requirements necessary to fully
protect populations of highly mobile species (Gru¨ss et al., 2011b; Di Lorenzo et al.,
2014) and further work is required. A lack of data on the spatio-temporal dynamics of
spill-over and recruitment effects for many target species limits the understanding of
the true potential of MPAs and MCZs as conservation tools (Sale et al., 2005).
1.2.6 Artificial reefs
Artificial reefs can provide suitable habitat for a range of species potentially limited
by the availability of hard substrate such as shelter-seeking fish (Hixon and Beets,
1989), and several lobster species, for example H. gammarus (Jensen et al., 1994), H.
americanus (Scarratt, 1968; Miller et al., 2006), and Panulirus argus (Davis, 1985;
Sosa-Cordero et al., 1998; Briones-Fourza´n and Lozano-A´lvarez, 2001). As a result
they have the potential to enhance habitat, or mitigate for habitat loss (Davis, 1985;
Reynolds et al., 2010); however, benefits are likely to be habitat and size-class
dependent (Gutzler and Butler IV, 2015). Artificial reefs vary in their size,
configuration and in the materials used, with many made of waste materials (Collins
and Jensen, 1997). Artificial reefs can be effectively colonised by H. gammarus even if
isolated from similar hard substrate (Jensen et al., 1994; Jensen, 2002), and can hold
many long-staying individuals that reproduce (Jensen et al., 1994). Given the known
relationship between Homarus spp, substrate and shelter size (Howard, 1980; Miller
et al., 2006), reefs could be created to target specific sizes of lobsters that might be
experiencing a habitat bottleneck (Caddy and Stamatopoulos, 1990; Beck, 1997).
Anthropogenic structures have also been found to provide favourable habitat for
decapod crustaceans including H. gammarus (Langhamer et al., 2009; Wehkamp and
Fischer, 2013). The closure of fisheries due to wind farm construction can provide a
respite opportunity for stocks, by increasing abundance and the size distribution of
the population in the short term (Roach et al., 2018). However, outcomes can be
mixed depending on the species and the range of habitat types provided, and results
can be confounded by predation, environmental variables and
detectability (Wehkamp and Fischer, 2013).
1.3 Technologies and current methodology
1.3.1 Telemetry
Previously the ability to conduct long-term mark-recapture studies on lobsters was
limited due to animals losing externally attached tags at ecdysis (Thomas, 1955;
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Gibson, 1967), limiting identifiable recaptures to within 1 year of the initial release.
The main aim of these studies was to provide information on the fishing mortality or
growth rate of individuals, although they did provide limited information on the
movement of marked individuals (Thomas, 1955; Gibson, 1967); the majority of
recaptures were close to the original capture site at a maximum distance of 8 km. The
development of ‘persistent tags’ that are attached through the dorsal
muscle (Gundersen, 1962; Jensen et al., 1994; Watson III et al., 1999; Smith et al., 2001)
allows wild lobsters to be studied over longer time periods and potentially greater
distances in their natural habitat (Smith et al., 2001). Traditionally lobster activity
studies have taken place in the laboratory (Mehrtens et al., 2005),
mesocosms (Watson III et al., 2009), or have used SCUBA surveys to observe
behaviour and survey lobsters (Karnofsky et al., 1989a; Cobb, 1981). The sustained
effort required for focal sampling of behaviour, and the nocturnal and cryptic nature
of lobsters can make these types of study difficult.
Radio-telemetry has been long been used as a successful method to collect data on
movement and behaviour in terrestrial habitats (e.g. LeMunyan et al., 1959).
However, the use of underwater telemetry was slower to develop (Hockersmith and
Beeman, 2012) and while some semi-terrestrial and freshwater species have been
tracked successfully using radio telemetry (Robinson et al., 2000) the applications for
this method in the marine environment are limited due to the increasing attenuation
of radio signals with conductivity and depth. As sound travels at a predictable speed
through water, acoustic telemetry has proved a more reliable method for tracking
marine animals; the distance travelled by an acoustic signal can be calculated from
the time it takes the signal to reach the receiver (hydrophone) (Watkins and Schevill,
1972). Acoustic telemetry has now become extremely popular (Hussey et al., 2015)
and several systems and configurations are available depending research needs (e.g.
VEMCO Ltd and Lotek Wireless Inc.). Modern systems (e.g. Vemco Positioning
System, Vemco Ltd, Halifax, Canada) recommend a full range test using a series of
control tags to assess impacts on positional errors and detection rates. If a project
continues through more than one season, repeated range tests, or permanently
deployed control tags, are used in order to avoid under or over estimating detection
rates (Mathies et al., 2014; Smith et al., 1998a). Electromagnetic telemetry provides a
possible alternative for animals that are relatively sedentary; however, the short
detection range (a few metres), the need for cables on the seafloor and more specific
tag design requirements, limited its wider application (Smith et al., 2000), and it has
now largely been superseded by acoustic telemetry devices.
Although trade-offs still exist for the smallest of animals, the extended battery life and
small size of many modern tags, including acoustic telemetry tags, mean that animal
movements can now be studied in near continuous time at a fine spatial scale (error <
10 m) (Urbano et al., 2010; Kie et al., 2010; Tomkiewicz et al., 2010). The majority of
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lobster acoustic telemetry studies have used manual unidirectional hydrophones to
monitor movements (Watson III et al., 1999; Moland et al., 2011b), or a fixed
hydrophone within a mesocosm (Watson III et al., 2009). By using a fixed array of
omnidirectional hydrophones, continuous multiple fixes are remotely obtained from
tagged lobsters that remain within the array. Each acoustic tag transmits at a unique
frequency so that the positions of tagged individuals can be differentiated for
analyses. Acoustic tags can be fitted to the large crushing claw of the animal with a
harness made of a plastic cable tie and a short piece of plastic tubing that allow the
tag to remain in place and not impede movement (Moland et al., 2011b). Once the
tagging procedure is complete and the lobster is released, all changes in activity and
position can be recorded at the desired sampling rate without further disturbance or
need for recapture. Although this method produces a large amount of data with high
spatial and temporal resolution, it is dependent on the lobster remaining within the
predetermined array. If animals move out of the array no further data will be
collected for those individuals; while fixed arrays provide an excellent method for
studying small-scale local movements, movements over greater distances by
individuals may result in a loss of that individual from the study population.
Communication with the tagged lobster may also be lost temporarily if it conceals
itself in a burrow or under a rock, but tracking will resume once the lobster
re-emerges. Again, a range and configuration test can assist in identifying suitable
receiver placement so as to avoid ‘dead patches’.
1.3.2 Current data analysis techniques
Advancing tracking technologies are producing large amounts of spatially-explicit
data. New and innovative methods of analyses are required (Cagnacci et al., 2010) so
that high-resolution individual-based data can be scaled-up to infer population level
effects useful for informing management decisions (Michelot et al., 2018; Allen and
Singh, 2016). Tagging systems now provide almost continuous tracking, resulting in
highly autocorrelated data (Fieberg et al., 2010), and challenges remain on how best to
match the spatial and temporal resolution of such movement data to that of the
environmental covariates (Remelgado et al., 2017). Although measurement error
associated with tracking technologies are now often < 10 m the error to signal ratio
could still be large for smaller animals, or those that move infrequently within a
restricted area (Hurford, 2009).
Previously autocorrelation has been regarded as a useful indication of the biological
importance when assessing home-range estimates (de Solla et al., 1999; Fieberg, 2007),
or addressed directly by subsampling data to a temporal resolution appropriate for
independence (Turchin, 1998; Swihart and Slade, 1985). It is likely more appropriate
to use techniques that can model autocorrelation and may elucidate the ecological
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patterns and relationships within these data (Dray et al., 2010; Rooney et al., 1998;
Gurarie et al., 2009). Particularly as the high levels of autocorrelation within tracking
data may change in relation to behaviour and environmental conditions; as a result
subsampling to independence could potentially over or underestimate
autocorrelation at different time periods (Rooney et al., 1998).
High-resolution tracking means that analyses of animal tracking data has moved
away from considering isolated points in space towards considering time series of
animal movement. In addition to more traditional static measures of space use such
as kernel density estimation (Millspaugh et al., 2006) and minimum convex polygons
(MCP) (Mohr, 1947) space-sharing and behavioural interaction can now routinely be
assessed in the context of space and time (e.g. dynamic interaction, Long and Nelson,
2013; Benhamou et al., 2014) providing a means to investigate how the locations of
individuals interact. High-resolution tracking data can be used to derive bivariate
time series consisting of step lengths and turn angles of animal movement (Turchin,
1998) that can be analysed to infer biologically relevant behavioural states (Jonsen
et al., 2005; Langrock et al., 2012). State-space (Jonsen et al., 2005) and hidden Markov
models (HMM) (Langrock et al., 2012) seek to classify movement data by estimating
the step length and turn angle distributions each observation belongs to. For example,
foraging behaviour is characterised by tortuous movement and short step lengths and
more exploratory behaviour encompasses more directional movement and longer
step lengths (Morales et al., 2010). HMMs provide a more tractable approach than the
often computationally intensive Bayesian inference (Langrock et al., 2012; Michelot
et al., 2016a). HMMs have been used to study the movement of a wide variety of taxa:
American bison (Bison bison) (Langrock et al., 2012), grey mouse
lemurs (Schliehe-Diecks et al., 2012), caribou (Rangifer tarandus) (Franke et al., 2004),
red-cockaded woodpecker (Picoides borealis) (McKellar et al., 2015), and Florida
panther (Puma concolor coryi) (van de Kerk et al., 2015). Marine species have also been
successfully modelled: southern bluefin tuna (Thunnus maccoyii) (Patterson et al.,
2009), white sharks (Carcharhodon carcharias) (Towner et al., 2016), and southern
elephant seals (Mirounga leonina) (Michelot et al., 2017).
It is assumed that each observation in an animal’s movement path is generated from
N distributions, the distribution selected at each time step is determined by a
sequence of finite states, in this context these states reflect animal behaviour. This
sequence of events is modelled using a Markov chain, and as such, the probability of
transitioning between states is only dependent on the current state, i.e. first-order
dependence (Zucchini et al., 2016) (Fig. 1.1). Model parameters can be assumed to be
either the same for all individuals, or individual-specific; the former does not allow
any individual variation and the later involves a larger number of parameters and
comparisons of movement processes between individuals (Langrock et al., 2012).
Hierarchical approaches, where individuals share some model parameters, exist for
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Figure 1.1: Dependence of a hidden Markov model, modified from (Michelot et al., 2016b)
both Bayesian (Jonsen et al., 2005; Eckert et al., 2008; Jonsen, 2016) and for likelihood
based HMMs (Schliehe-Diecks et al., 2012).
These ever increasing amounts of fine-scale spatial and temporal data have begun to
be used within some fisheries to develop a more dynamic management of marine
resources (Maxwell et al., 2015). Up-to-date tracking data can provide information on
changing habitat predictions, so that quota allocations can be updated to avoid
over-explotation (Hobday et al., 2011), and by-catch avoidance can be
improved (Zydelis et al., 2011). Whilst these approaches are not necessarily applicable
to the relatively site faithful H. gammarus, acoustic telemetry does provide a means to
study movement and behaviour under realistic conditions that could not be achieved
in aquariums and mesocosms. Tracking technologies have great potential to improve
fisheries management (Crossin et al., 2017), but a careful balance has to be found
between the protection of vulnerable species and exploitation of targeted
stocks (Maxwell et al., 2015).
1.4 Conclusion
There are many similarities between the life histories of H. americanus and H.
gammarus; however, the scale of the fisheries differ dramatically. The relationship
between lobster movement and catchability is poorly understood for both species, but
given the apparent differences in the magnitude of movements undertaken, inferring
knowledge of the drivers of H. gammarus movement from that of H. americanus would
be unwise. Lobster populations may be assumed to be stable, but estimates rely on
the often violated assumption of a proportional relationship between CPUE and
abundance. A more in depth understanding of how current levels of exploitation are
impacting population dynamics is limited by a lack of information on early benthic
phase recruitment. Current estimates could be improved by gaining greater
understanding of how catchability and movement varies within a population. If
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sustainable, regionally managed, evidence-based fisheries are to be successful then
the knowledge gaps that still surround the spatial ecology, behavioural interactions
and population structure of H. gammarus need to be addressed.
1.5 Aims of thesis
The overall purpose of this thesis is to address knowledge gaps surrounding the
spatial ecology and movement behaviour of H. gammarus using fine-scale acoustic
telemetry. The work within this thesis also goes some way to evaluating the
suitability of acoustic telemetry data for studying the behaviour and fine-scale
movements of benthic invertebrates, and highlights some areas where future
technological and statistical developments are necessary.
The aims of this thesis are to:
1. to quantify H. gammarus movement patterns in the presence and absence of
baited traps, and their behaviour in the vicinity of a baited trap
2. to quantify spatial-overlap, space-sharing, and interaction between H. gammarus
in the absence of fishing
3. to identify different behaviour states and investigate the environmental drivers
of H. gammarus movement
4. to investigate the influence of the tides and the distribution of H. gammarus on
their catchability within a Northumberland fishery
1.6 Thesis outline
Chapter 2 investigates the behaviour of lobsters in the absence and presence of baited
traps, and uses null models to differentiate random from non-random movements,
and behaviour in the vicinity of baited traps. Chapter 3 quantifies the spatial overlap
and space sharing between individual lobsters at multiple spatial scales and attempts
to identify fine-scale behavioural interaction between pairs of individuals. Chapter 4
uses behavioural change point analysis to identify different movement states, and
hidden Markov models to identify environmental drivers of movement. Chapter 5
uses an individual-based model to investigate how the probability of transitioning
between two movement states might change across the tidal cycle and affect the
catchability of individuals. A series of model scenarios use different parameters to
assess the effect of current speed, bait amount, and bait decay on the probability of
capture. The final chapter of the thesis, Chapter 6, highlights the most important
findings from the thesis and suggests further areas of research interest.
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You can’t expect a demigod to beat a decapod.
Tamatoa
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Chapter 2. The movement and behaviour of European lobster around
baited traps
2.1 Introduction
Catch per unit effort (CPUE) is widely used within fisheries management as a
measure of both catch and effort, information that is necessary for fitting many
fisheries stock assessment models (Hilborn and Walters, 1992). CPUE is usually based
on data collected by fishers, and provides a convenient, low cost proxy for relative
abundance. However, inherent biases exist within these data and the true relationship
between abundance and catch is often unknown (Bennett, 1974; Addison and Bell,
1997). As such, the assumption of linearity between catch and abundance is often
violated (Maunder and Punt, 2004) and the appropriateness of CPUE as a proxy for
abundance relies on accounting for changes in catch over time that are not the result
of changes in abundance (Hilborn and Walters, 1992; Maunder and Punt, 2004).
Methods to standardise CPUE have been available for many years (Beverton and
Holt, 1957); generalised linear models, and mixed effects models are now commonly
used (Maunder and Punt, 2004). However, knowledge gaps still exist regarding the
ecology, behaviour, and movement patterns of many commercially important species,
and the likelihood of capture is commonly assumed to be equal across all
demographics. Consequently, information that could improve the accuracy of CPUE
and therefore stock assessments of these species is not always available. Improved
abundance estimates in baited trap fisheries will rely on better understanding of the
capture process, including attraction to a bait source, so that the probability of
attraction and the proportion of the population targeted can be more accurately
quantified (Miller, 1990).
H. gammarus are an economically important species within the United Kingdom (UK)
and throughout its range, for example UK landings by UK vessels were worth £39.5 m
in 2016 (Marine Management Organisation, 2017). Despite its commercial value much
of what is known about its ecology is derived from the closely related H. americanus.
H. gammarus are typically fished using strings of multiple two chambered traps,
known as parlour traps, these consist of a baited area entered through a tunnel, and a
subsequent area that makes escape from the trap unlikely. H. gammarus often form a
mixed fishery, commonly with Cancer pagurus, and as a result any number of intra and
inter-specifics can be attracted to the baited static traps. Subsequent behavioural
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interactions affect the probability of attraction, and the probability of entering the
approached trap (Richards and Cobb, 1983; Addison, 1995; Addison and Bell, 1997).
The proximity of preferred habitats (Karnofsky and Price, 1989a), and the selectivity
and immersion time of a trap (Elner, 1980; Krouse, 1989; Bennett, 1974), will likely
determine the number of lobsters attracted and subsequently trapped (Tremblay and
Smith, 2001; Bowlby et al., 2007). However, lobster movements and therefore trap
encounters are affected by a number of time-varying environmental conditions, such
as seasonal changes in water temperature (Miller, 1990; Fogarty, 1988; Smith et al.,
1998c, 2001, 1999; Robertson et al., 2016) and periodic variation in current
speed (Moore et al., 1991; Moore and Atema, 1988; Howard and Nunny, 1983). The
motivation of individuals to respond to potential food sources can also be affected by
internal physiological states relating to moult and the associated predation
risk (Karnofsky et al., 1989a), reproduction, and hunger regulation (Zimmer-Faust,
1989; Karnofsky and Price, 1989a). It is the interplay between these factors that vary at
both the individual and population level, and across multiple spatial scales, that make
calculating the effective trapping area particularly difficult (Bell, 2001; Miller, 1990).
Lobsters primarily identify and navigate towards potential sources of food using their
highly developed olfactory system (Derby and Atema, 1982; Devine and Atema,
1982). Despite being well studied (Atema, 1995; Derby and Atema, 1981; Moore et al.,
1991) it remains unclear over what distance a bait plume remains detectable, as
chemical signals are mixed and degraded by environmental processes (Moore et al.,
1991; Atema, 1995). A number of studies have been undertaken in
aquariums (Karnofsky and Price, 1989a; Shelton, 1981; Moore et al., 1991) where the
direction and speed of current, and the degree of mixing can be carefully controlled.
Alternatively, studies have been conducted in mesocosms (Scopel et al., 2006; Jury
et al., 2001; Watson III et al., 2009) that can exclude potential sources of ‘background’
stimuli, that may confound an observable olfactory response, and can control the
density of animals within the study area. While these enclosed environments provide
greater experimental control they can lack realism and restrict movement.
The distance over which a bait plume might be detected is determined by both the
speed and direction of the current (McQuinn et al., 1988) and can vary considerably
depending on the target animal (Watson III et al., 2009; Skajaa et al., 1998; Jernakoff
and Phillips, 1988). Attempts to identify responses to bait sources have focussed on
the orientation of individuals in relation to the prevailing current, and have often
resulted in uncertainty due to heterogenous conditions (Skajaa et al., 1998; Watson III
et al., 2009). Changes in behaviour in response to a trap have been identified by a
notable change in direction (Watson III et al., 2009), or by a change in speed (Skajaa
et al., 1998, C. pagurus). H. americanus has been previously shown to slow down when
approaching an odour source, however these experiments were undertaken within an
aquarium and the scale of movements are not directly comparable (Moore et al.,
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1991); no change in speed has been identified in the field (Watson III et al., 2009). One
particular drawback of free-ranging studies is that it is more challenging to
definitively relate movement towards a trap to the traps presence, due to the logistical
difficulties in validating the behaviour of marine animals. However, by comparing a
measure of trap approach generated from the observed data, to one generated under
random movement it is possible to infer whether an approach was non-random, and
in part reduce uncertainty regarding the relationship between the movement, and the
presence of the trap. The null model approach (Gotelli and Graves, 1996) has been
widely used within ecology. Null distributions, generated by resampling or
randomisation, provide data without biological mechanism or process. Observed
values can then be compared to expected values derived from the null distribution;
care is required when specifying the degree of randomness of null distributions so as
to avoid Type I (Wilson, 1995), or Type II (Colwell and Winkler, 1984) errors.
The aim of this study was to investigate the behaviour of free-ranging H. gammarus in
the vicinity of baited commercial parlour traps, and the distance of attraction to
baited commercial parlour traps. The null hypothesis was that there would be no
change in lobster behaviour in the presence and absence of traps, and no relationship
between current speed and the distance of attraction to a trap (Watson III et al., 2009).
A further null hypothesis, that patterns in lobster movements in relation to baited
traps were random, and that changes in measurable behaviour, such as turn angle
and step length, were independent of the traps presence, was tested using a null
model approach.
2.2 Methods
2.2.1 Data collection
A VEMCO Positioning System (VPS), (AMIRIX Systems Inc., Halifax, Canada) was
deployed approximately 2 km off Blyth, Northumberland (55.1270◦ N, 1.5103◦ W) on
the 7th of April 2016, (Fig. 2.1) covering approximately 1.5 km2. The depth of the
study site ranged from approximately 19 - 29 m. A string of 20 commercial parlour
traps was set within the study area on the 30th of March 2016 and hauled after
approximately 24 h. Traps were reset and hauled again after 7 days. Fourteen lobsters
were caught (carapace length 71-92 mm, 8 females and 6 males) and fitted with a
VEMCO Ltd. V13 acoustic transmitter (weight in water 6 g, 1 % of body weight).
Transmitters were attached above the crusher claw using a harness (Fig. 2.2, Moland
et al., 2011b) and were set to transmit every 200-400 s (frequency 69 kHz). Tagging of
lobsters took less than 10 min and all tagged individuals were released immediately
within the study site.
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Figure 2.1: Study site. United Kingdom, inset: Blyth Harbour (red dot), VEMCO
Positioning System hydrophones (black dots).
Figure 2.2: A lobster fitted with a V13 acoustic transmitter.
2.2.2 Experimental traps
Twelve separately moored commercial parlour traps were placed across the range of
substrates available within the study site. Substrate was characterised using an Olex
AS (www.olex.no) echosounder that provided a measure of relative substrate
hardness on a linear scale of 1-100, where 100 would represent 0 energy loss and
therefore higher values were associated with more reflective substrates. These data
were subsequently classified as, ‘Soft’, such as mud < 60, ‘Mixed’, such as mud and
rock > 60 and < 80, and ‘Hard’, such as continuous rock > 80. It is not possible to
infer habitat type using this method as substrate roughness is not measured (Elvenes
et al., 2013), however these data are a broad indicator of substrate type and have been
previously validated using drop-down cameras in the vicinity of the study
site (Skerritt et al., 2015). Trap locations within each substrate were chosen randomly,
although an effort was made to avoid areas close to hydrophone moorings and
ground lines to avoid entanglement and displacement of hydrophones. All traps were
baited with approximately 300 g of whiting Merlangius merlangus and plaice
Pleuronectes platessa in equal proportions; traps were placed at least 50 m apart (Smith
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and Tremblay, 2003) to minimise adverse interactions and competition from
overlapping trapping areas (Bell, 2001). Traps were also tagged prior to deployment,
so that trap locations within the study site were known. Traps were deployed with
the entrance closed to avoid retrapping tagged lobsters and the possible effects of trap
saturation on lobster behaviour (Miller, 1976; Miller and Rodger, 1996; Addison and
Bell, 1997). Traps were deployed on the 3rd of May 2016 and were subsequently
rebaited and moved to new locations on the 12th and the 24th of May 2016. Only ten
traps were redeployed during the 3rd deployment as two became detached from their
marker buoy sometime during the 2nd deployment. A current meter (Nortek
Aquadopp 3000 m) was deployed in the centre of the array between the 12th and 27th
of May to collect current speed and direction every 10 min.
2.2.3 Data pre-processing
Prior to analysis detections with high positional error were identified using linear
regression between two measures of horizontal positioning error (HPE and
HPEm) (Skerritt et al., 2015; Coates et al., 2013). The model was weighted by the
number of HPEm observations per whole value of HPE. This was to account for the
exponential decline in the number of observations as the value of the HPE increased.
Observations with a HPE greater than 24 were removed, limiting the maximum error
to approximately 23 m. There was evidence of commercial fishing within the study
site. To reduce the possible confounding effects of non-study fishing gear, only
lobsters that were detected within 20 m of a study trap location during the first 72 h of
its deployment were considered to have approached a trap and were included in the
analyses. These criteria show consideration of the positional error associated with the
data and reduce the likelihood that approaches not initiated by a bait plume were
included. Lobster positions recorded between the 7th of April and first trap
deployment on the 3rd of May were considered ‘pre-trap’ data. ‘Post-trap’ data were
defined as positions recorded in the 72 h immediately following deployment of each
trap. Data were projected in Universal Transverse Mercator (UTM) Zone 30 using
ArcMap 10.2 (Esri) and movement metrics were calculated using Geospatial
Modelling Environment (Beyer, 2012). Lobster speed was estimated as the distance
between positions at time t and t + 1 divided by the associated detection interval.
2.2.4 Data analysis
Analyses were conducted using R (R Core Team, 2017). To investigate the direction of
lobster movement in relation to the prevailing current direction the time stamps of the
lobster data were rounded to the nearest 10 min period and then matched to the
corresponding current data. If the difference between the lobsters bearing and the
current direction was between 150◦ and 210◦ the lobster was assumed to be moving
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‘against’ the current (i.e. in the opposite direction). A turn towards the trap was
defined as a turn greater than 30◦ (Watson III et al., 2009) that resulted in the lobster
being detected within 20 m of the trap; the distance from the trap that this turn
occurred was defined as the distance of attraction. If a turn towards the trap also
resulted in movement against the current it was considered a potential response to a
bait plume. If a lobster reapproached within 5 m of the trap it was not considered a
separate approach. Trajectories were visually assessed using the trajdyn function of
the R library AdehabitatLT (Calenge, 2006) to verify that the lobsters position relative
to the trap and associated bait plume. Linear mixed models were used to investigate
the relationship between distance of attraction and current speed, time since
deployment and the sex of the lobster were also included as additional fixed effects,
and lobster ID was included as a subject level random effect. Distance to attraction
followed a log-normal distribution and was transformed prior to analysis. Linear
mixed models were built using the R library nlme (Pinheiro et al., 2015), nested
models were estimated using maximum likelihood and compared using likelihood
ratio tests.
Three null models, based on each post-trap trajectory, were built using
AdehabitatLT (Calenge, 2006). Null models either randomised the turn angle, the step
length, or both the turn angle and the step length. Null models had the same number
of positions and the same fixed start point as the observed post-trap trajectory. The
first alternate hypothesis was that the minimum distance between lobsters and a
baited trap was less than would be expected by chance. The minimum distance
between the lobster and the approached trap was calculated for each null trajectory
and permutation tests were used to investigate non-random movement towards a
trap. Models were run 999 times, if the result of the permutation test was p ≤ 0.05 the
model was run again for 99999 times and an updated p value derived. The second
alternative hypothesis was that the number of observed lobster detections within 20
m would be greater than expected by chance, this was tested in an identical way to
the first.
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Figure 2.3: Pre and post-trap lobster positions in relation to traps. Red squares = trap
deployment 1 on the 3rd of May, blue squares = trap deployment 2 on the 12th of May,
yellow squares = trap deployment 3 on 24th of May. Traps that were approached are
represented by circles coloured to correspond with their deployment date. Hard substrate
= red, mixed substrate = yellow, soft substrate = blue.
2.3 Results
Twelve of the fourteen tagged lobsters were successfully recorded within the study
site during the pre-trap period and eleven were detected during the post-trap period.
Six of the remaining eleven lobsters were detected within 20 m of a baited trap. The
number of detections for these six lobsters ranged from n = 383 (lobster 28187) to n =
1638 (lobster 28179) in the pre-trap period and from n = 81 (lobster 28192) to n = 235
(lobster 28179) in the post-trap period. Lobster 56815 was detected within 20 m of two
traps, one during the 2nd deployment and one during the 3rd deployment. The mean
error ± 1 s.e. associated with post-trap data ranged from 7.36 m ± 0.20 (lobster 28192,
n = 81) to 8.84 m ± 0.25 (lobster 28187, n = 103). Five lobsters did not move within 20
m of a trap during any of the deployment periods and twenty-nine of the thirty-four
traps were not visited, and are not considered further.
2.3.1 Behaviour and movement in the presence and absence of traps
All the traps that were approached were located on ‘mixed’ or ‘hard’ substrate (range
69.30 - 91.50), reflecting lobster movements during the pre-trap period (Fig. 2.3). Of
the twenty-seven visits within 20 m of the approached traps sixteen were initiated
between 2000 h and 0600 h (Table 2.1). There were seven periods where lobsters were
detected within 20 m of the traps for 5 h or more, five of these occurred after 0600 h
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Figure 2.4: Comparison of lobster movement metrics. a) Turn angle, b) speed. White =
pre-trap, red = 1st deployment, blue = 2nd deployment, yellow = 3rd deployment. Numbers
above plots correspond to individual lobsters. Boxes = interquartile range (IQR), notches =
95% confidence intervals for the median (horizontal line), and whiskers = 1.5*IQR.
(Table 2.1). Duration ranged from 3 min to 16 h 55 min (lobster 28192 and lobster
28187, respectively). The minimum distance to the trap during these periods ranged
from 1.03 m to 17.93 m (lobster 56816 and lobster 28187, respectively); two occurred
within 12 h of the trap deployment (2.82 m, lobster 28179 & 1.03 m, lobster 56816), a
further one occurred within 24 h (9.47 m 56815, 3rd deployment), and another
occurred within 48 h (9.68 m, 28192) (Table 2.1).
There was no clear overall pattern in turn angle (Fig. 2.4a) or speed (Fig. 2.4b)
between pre and post trap periods as there was considerable individual variation
(Fig. 2.5). Three lobsters exhibited a lower median turn angle and higher median
speed during the post-trap period (lobsters 28179, 56815, and 28192, Fig. 2.4 a, Fig. 2.4
b), and two only exhibited a change in turn angle or speed (lobsters 28189 & 56816,
Fig. 2.4 a, Fig. 2.4 b). Lobster 28187 exhibited higher median turn angles, and lower
median speeds during the post-trap period (Fig. 2.4 a, Fig. 2.4 b). There was evidence
of overlapping space use during the post-trap period (lobster 28187, Fig. 2.5 b &
lobster 28189, Fig. 2.5 c). Only two lobsters used space during the post-trap period
that they had not used during the pre-trap period (56815, Fig. 2.5 e & 28192, Fig. 2.5 f).
2.3.2 Movement in response to a bait source
Lobster movements towards traps in relation to the current direction were
investigated for five of the six lobsters (Table 2.2); the approach by lobster 56816
occurred during the 1st deployment and could not be assessed as the current meter
was only deployed from the 2nd deployment onward. The current direction within the
study site was north-south in orientation and current speed ranged from
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0.001 - 0.415 ms-1.
Eighteen of the twenty-two turns towards the trap, regardless of turn angle, occurred
between 2000 h and 0600 h, ten approaches occurred within the first 24 h of
deployment. Four turns resulted in movement against the current, only lobster 28179
made more than one turn against the current (Table 2.2). Four lobsters made multiple
turns towards their approached trap (Table 2.2). The time lobsters spent within 20 m
of the trap after an approach varied considerably (3 min lobster 28192 - 10 h 20 min
lobster 28179, Table 2.1 and Table 2.2). Lobster 28192 was only detected once within
20 m of the trap on its first approach (Table 2.2), and therefore time spent within 20 m
could not be estimated for inclusion in Table 2.1.
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Figure 2.5: Movement in the absence and presence of traps. a) lobster 28179, b) lobster
28187, c) lobster 28189, d) lobster 56815 deployment 2, e) lobster 56815 deployment 3, f)
lobster 28192, g) lobster 56816. Pre-trap trajectories = black dashed line, post-trap
trajectories = solid line. Coloured squares represent traps deployed at the time of approach.
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Table 2.1: Continuous time periods within 20 m of the approached trap. Duration
calculated as the time difference between the first and last detection within 20 m. a denotes
periods that have resulted from an approach specified in Table 2.2.
Tag ID StartTime Date
End
Time Date
Duration (hours)
(n Detections)
Minimum
Distance (m)
28179 10:19 12-05 20:39 12-05 10.33 (45) 2.82a
28179 00:54 13-05 01:04 13-05 0.17 (3) 9.14a
28179 01:08 14-05 01:25 14-05 0.28 (4) 5.31a
28179 22:11 14-05 22:21 14-05 0.17 (2) 16.81a
28179 22:49 14-05 22:53 14-05 0.07 (2) 17.93a
28187 22:56 12-05 02:16 13-05 3.33 (5) 5.31
28187 03:28 13-05 20:24 13-05 16.93 (2) 6.37
28187 22:37 13-05 09:45 14-05 11.13 (6) 4.55
28187 16:50 14-05 00:21 15-05 7.52 (18) 2.28a
28187 02:56 15-05 03:00 15-05 0.07 (2) 17.66
28187 03:40 15-05 09:24 15-05 5.73 (11) 2.65a
28189 12:41 14-05 13:27 14-05 0.77 (5) 8.68a
28192 21:52 25-05 21:55 25-05 0.05 (2) 9.68a
56815 23:36 14-05 00:11 15-05 0.58 (3) 15.62a
56815 07:46 25-05 07:52 25-05 0.10 (2) 9.47a
56816 20:07 03-05 21:19 03-05 1.20 (8) 11.32
56816 21:40 03-05 22:01 03-05 0.35 (5) 11.73
56816 22:18 03-05 02:28 04-05 4.17 (21) 1.03a
56816 02:50 04-05 03:07 04-05 0.28 (3) 11.22a
56816 03:51 04-05 04:49 04-05 0.97 (5) 17.25
56816 05:27 04-05 05:55 04-05 0.47 (4) 17.25
56816 08:18 04-05 08:33 04-05 0.25 (4) 13.77
56816 09:04 04-05 10:04 04-05 1.00 (9) 13.74
56816 10:16 04-05 18:01 04-05 7.75 (6) 10.85
56816 19:02 04-05 22:22 04-05 3.33 (14) 12.16
56816 03:51 05-05 05:11 05-05 1.33 (2) 13.06
56816 06:16 05-05 12:06 05-05 5.83 (9) 11.22
34
Ta
bl
e
2.
2:
Tr
ap
ap
pr
oa
ch
es
re
su
lt
in
g
fr
om
tu
rn
s
gr
ea
te
r
th
an
30
◦ .
D
A
=
di
st
an
ce
of
at
tr
ac
ti
on
,T
im
e
=
ti
m
e
th
e
ap
pr
oa
ch
be
ga
n,
So
ak
ti
m
e
=
co
m
pl
et
e
ho
ur
s
si
nc
e
tr
ap
de
pl
oy
m
en
t,
an
d
M
in
im
um
di
st
an
ce
=
m
in
im
um
di
st
an
ce
be
tw
ee
n
th
e
lo
bs
te
r
an
d
th
e
tr
ap
.S
pe
ed
ch
an
ge
in
di
ca
te
s
if
th
e
sp
ee
d
of
th
e
lo
bs
te
r
in
cr
ea
se
d
↗
or
de
cr
ea
se
d
↘
as
it
ar
ri
ve
d
at
th
e
tr
ap
.
Ta
g
ID
D
A
(m
)
Ti
m
e
So
ak
ti
m
e
(D
ep
lo
ym
en
t)
R
el
at
iv
e
an
gl
e
(d
eg
)
C
ur
re
nt
sp
ee
d
(m
s-
1 )
M
in
.
di
st
.(
m
)
Sp
ee
d
ch
an
ge
28
17
9
16
.3
5
14
:4
1
4
h
(2
)
88
.3
1
0.
05
8.
49
↗
28
17
9
14
.1
7
15
:0
7
5
h
(2
)
12
0.
35
0.
05
9.
33
↗
28
17
9
15
.3
5
15
:2
0
5
h
(2
)
66
.0
7
0.
09
2.
82
↘
28
17
9
58
.3
7
00
:4
1
15
h
(2
)
26
3.
19
0.
11
9.
14
↘
28
17
9
12
5.
55
00
:0
9
38
h
(2
)
18
7.
69
0.
07
5.
31
↘
28
17
9
48
.8
7
22
:0
0
59
h
(2
)
19
8.
33
0.
14
16
.8
1
↗
28
17
9
34
.2
7
22
:3
4
60
h
(2
)
89
.4
1
0.
09
17
.9
3
↗
28
18
7
27
.9
9
02
:2
8
16
h
(2
)
25
4.
09
0.
05
6.
37
↗
28
18
7
10
.2
7
22
:3
7
36
h
(2
)
84
.7
9
0.
08
7.
76
↘
28
18
7
9.
03
23
:4
5
37
h
(2
)
89
.5
3
0.
03
5.
09
↗
28
18
7
14
.6
8
01
:0
4
38
h
(2
)
21
4.
32
5
0.
07
4.
55
↘
28
18
7
13
.4
0
20
:0
7
58
h
(2
)
31
.4
9
0.
09
2.
28
↗
28
18
7
7.
57
03
:4
0
65
h
(2
)
27
9.
87
0.
11
2.
65
↗
28
18
9
28
.6
4
08
:1
3
45
h
(2
)
15
4.
85
0.
13
8.
68
↘
28
19
2
32
.6
8
20
:2
2
34
h
(3
)
17
4.
13
0.
05
12
.6
0
↘
28
19
2
39
.2
5
21
:3
4
35
h
(3
)
56
.3
0
0.
15
9.
68
↘
56
81
5
46
.4
8
23
:1
3
60
h
(2
)
52
.6
3
0.
12
15
.6
2
↘
56
81
5
11
4.
64
03
:4
0
17
h
(3
)
34
.5
3
0.
21
9.
47
↗
56
81
6
5.
40
22
:3
7
10
h
(1
)
-
-
1.
03
↘
56
81
6
6.
70
23
:2
0
10
h
(1
)
-
-
3.
14
↗
56
81
6
5.
66
00
:4
1
11
h
(1
)
-
-
3.
06
↘
56
81
6
14
.7
4
02
:5
0
14
h
(1
)
-
-
11
.2
2
↗
35
The mean distance of attraction for all turns greater than 30◦, regardless of current
direction, was 31.37 m ± 6.94 s.e., n = 22, and the mean distance of attraction for
approaches that occurred within the first 24 h was 27.94 m ± 10.83 s.e., n = 10. The
mean distance of attraction for turns toward the trap greater than 30◦ that resulted in
movement against the current was 58.94 m ± 22.63 s.e., n = 4. Trap approach speeds
varied between individuals. Twelve of the twenty-two trap approaches (Table 2.2)
resulted in a decrease in speed immediately before arriving at the trap. The initial
linear mixed model contained only the subject level random effect and accounted for
46.53 % of the variation within the distance of attraction. The model including current
speed as a covariate was significantly better when compared to the random effect
only model (χ2= 3.89, d.f. = 1, p = 0.049), however current speed was not a significant
covariate in this model (p = 0.070). The inclusion of additional fixed effects, time since
trap deployment (χ2= 0.16, d.f. = 1, p = 0.688), and sex of lobster (χ2= 1.02, d.f. = 1, p =
0.314), did not significantly improve the model fit when compared to the model
containing both current speed and the subject-level random effect. There was
insufficient data to investigate the relationship using only turns that resulted in
movement against the current.
2.3.3 Null models
Only lobster 56815 (3rd deployment) was closer to the approached trap than would be
expected under random movement for all three null models, turn angle only (X =
9.47, E = 70.47, p = 0.027), turn and step length (X = 9.47, E = 74.57, p = 0.038) and step
length only (X = 9.47, E = 76.95, p = 0.035). Three lobsters had a significantly greater
number of positions less than, or equal to 20m from the approached trap than would
be expected under random movement using null models generated from the
post-trap trajectories (Table 2.3). The observed values were significantly greater than
the expected values generated by all three null models for lobster 28179, turn angle (X
= 56, E = 27.75, p = 0.025), turn angle and step length (X = 56, E = 7.59, p < 0.001), and
step length (X = 56, E = 11.11, p < 0.001). The observed number of positions was only
significantly greater than expected for lobster 56815 (3rd deployment) when compared
to the null model that randomised the turn angle (X = 2, E = 0.307, p = 0.033). The
observed number of positions for lobster 56816 was greater than expected when
compared to the null model that randomised the turn angle (X = 92, E = 25.94, p =
0.015), and the turn angle and step length (X = 92, E = 28.18, p = 0.008). Two of the
three lobsters (28179 and 56816) had a significantly greater number of positions, less
than, or equal to, 20 m from the location of the trap when compared to null models
based on the pre-trap trajectories (p < 0.001) (Table 2.4). The number of positions of
lobster 56815 within or equal to 20 m was not significantly greater than would be
expected under random movement when compared to null models generated from
the pre-trap trajectory (X = 0, E = 5.68, p = 1.000).
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2.4 Discussion
This is the first study investigating free-ranging H. gammarus movements in response
to baited traps. Although the number of tagged lobsters was small, six of the twelve
successfully tagged lobsters appeared to respond to the baited traps, a similar
proportion to a previous study (Watson III et al., 2009). However, five lobsters did not
move within 20 m of a trap during any of the three deployments. It was not possible
to infer the reason for this, but it does underline the role of individual variation in
influencing a response to a bait source (Zimmer-Faust, 1989; Karnofsky and Price,
1989a), and the possibility that not all individuals within a population are equally
available to the fishery. The equal sampling of individuals by a fishery is an
assumption of assessment models, and a key source of uncertainty (Bannister and
Addison, 1986; Smith and Addison, 2003; Maunder et al., 2006).
2.4.1 Behaviour and movement in the presence and absence of traps
There was no clear overall change in movement or behaviour when the pre-trap
period was compared to the post-trap period, although there were differences
between individuals. There was evidence of more directional movements
characterised by lower median turn angle and higher median speed in the post-trap
period for four lobsters, and one lobster exhibited more restricted and tortuous
movements reflected in a higher median turn angle and lower median speed. The
remaining lobster showed no difference in movement patterns between the pre-trap
and post-trap period. Attributing behavioural change to the presence of a trap is
difficult as changes in behaviour associated with the presence of a trap are unlikely to
be maintained for the duration of a deployment. However, the scale of the
movements undertaken in the post-trap period by lobsters 28189 and 56815 (2nd
deployment) was distinctly different from the pre-trap period.
Daytime trap approaches have previously constituted 33 % of all trap
approaches (Watson III et al., 2009). It is therefore plausible that the lobsters remained
at the location because of a trap, particularly as three of the four prolonged periods
(greater than 5 h) occurred within 24 h of trap deployment. The time spent within 20
m of a trap in this study ranged from 3 min to almost 17 h, similar to previous studies
(10 min and 12 h (Skajaa et al., 1998; Watson III et al., 2009)). However, direct
comparisons are difficult due to the differing definitions of an approach (Skajaa et al.,
1998; Watson III et al., 2009).
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2.4.2 Movement in response to a bait source
Eighteen of the twenty-two approaches in this study occurred between 2000 h and
0600 h reflecting the low daytime activity levels of H gammarus (Smith et al., 1998c,
1999, 2000). H. americanus (Watson III et al., 2009) and C. pagurus (Skajaa et al., 1998),
are more likely to approach traps at night, but there is no recorded relationship
between the time of day and the probability of H. americanus entering a trap (Jury
et al., 2001).
There were four turns greater than 30◦ that also coincided with movement against the
current. Approaches that did not result in movement against the current may be
return journeys to previously known areas (Karnofsky et al., 1989a; Jernakoff and
Phillips, 1988). The second approach by lobster 28192 did not result in movement
against the current and it is possible that it navigated back to the trap location known
from its previous visit. Other turns that did not result in movement against the
current should not be immediately discounted. Lobsters can be lured from their
shelters by the presence of traps (Karnofsky and Price, 1989a) and it is feasible that a
lobster in close proximity to the trap soon after deployment, such as lobster 28179,
could have been influenced by a diffuse odour, or the presence of other lobsters.
Likewise the turn towards the trap by lobster 56815 during the 3rd deployment was
not against the current, but subsequent detections did result in movement against the
current. These less obvious changes in direction made it difficult to decide when a
lobster first became ‘aware’ of a trap and truly began its approach. It is unclear from
this small study if identifying a strong directional change is the best arbiter of
behavioural change. An increase in speed (Skajaa et al., 1998) may provide an
alternative indicator. Just over half of the trap approaches in this study resulted in an
decrease in speed at the trap. A decrease in speed has been previously reported for
aquarium H. americanus (Moore et al., 1991). However, in a mesocosm study no
change in speed on approach was reported (Watson III et al., 2009). In a free-ranging
study a lobster could change speed due to terrain or behavioural interactions and
more experimental work is necessary before speed can confidently be related to trap
approach.
Previous studies (Jury et al., 2001; Watson III et al., 2009) have discounted approaches
by lobsters that have appeared to ‘walk past’ traps. Lobsters can fail to approach, or
leave the vicinity of a trap, in response to the presence of a more dominant animal
and exhibit caution when approaching (Karnofsky and Price, 1989a), (Miller, 1980,
crabs), (Bjordal, 1986, Nephrops). As the behaviour of lobsters in this study could not
be observed, all approaches were considered. A trap mounted camera (Jury et al.,
2001; Watson III et al., 2009) could not be used to validate approaches in this study;
lobster locations were not known prior to trap deployment, and a location for such a
system could not have been prioritised. To minimise uncertainty, data were restricted
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to the 72 h after deployment and greater confidence should be associated with
approaches that occurred within the first 24 h (Bennett, 1974).
There was a marginal relationship between distance of attraction and current speed.
The number of approaches was small, and it is unlikely that the single current meter
was able to adequately capture the fine scale changes in the current that would be
experienced by the lobsters’ olfactory system. The directional current could explain
the large mean distance of attractions, almost three to five times larger than
previously observed for H. americanus (Watson III et al., 2009). The directional current
meant that an assumption of a circular plume (Watson III et al., 2009) would have
been unrealistic. As the shape of the bait plume was not known the distance of
attraction could not be converted into an estimate of area of bait influence. However,
it should not be assumed that a larger distance of attraction would result in a larger
area of bait influence, the ‘effective trapping area’ may actually be smaller under
strong current conditions due to dilution (McQuinn et al., 1988). Although this would
likely be compounded by reduced movement of lobsters under increased current
speeds (Howard and Nunny, 1983). It is difficult to draw direct comparisons between
experimental studies and free-ranging lobsters. It is likely that mesocosms and
aquariums restrict movement and indirectly inflate the number of
approaches (Karnofsky and Price, 1989a), or restrict the maximum distance of
attraction (Watson III et al., 2009). The selection of more sedentary lobsters may also
have created a bias that resulted in a reduced distance of attraction (Watson III et al.,
2009). Approaches by free-ranging lobsters that have originated down current of
traps have been initiated at distances of 42 m (Skajaa et al., 1998, C. pagurus) and 120
m (Jernakoff and Phillips, 1988, Panulirus cygnus). Due to the close initial proximity of
lobsters 28179 and 56816 to traps it was sometimes difficult to differentiate general
movement from a genuine approach in a small number of cases; this could have
potentially biased the results towards longer approach distances.
2.4.3 Null models
Null models were used to investigate two aspects of trap proximity. Firstly, that the
minimum distance to the trap during the observed trajectory was less than would be
expected under random movement, and secondly, that the number of detections
within 20 m of the trap was greater during the observed trajectory, than would be
expected under random movement. Three lobsters had a greater number of post-trap
positions within 20 m of the approached trap than would be expected under random
movement, however two of those three also had a greater number of pre-trap
positions within 20 m of the intended trap location, than would be expected under
random movement. This suggests that both lobster 28179 and lobster 56816 had a
previously established association with the trap location, such as a pre-existing shelter
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or known foraging area. The minimum distances between lobsters and the
approached traps were also not significantly different from random for four of the
five lobsters. A pre-existing non-random association with a trap location, will likely
increase the time spent near the trap, and reduce the minimum distance from the trap.
However it is unclear if this proximity translates into increased probability of capture.
Lobsters that exhibit wider ranging movement, such as lobster 56815, may encounter
more traps than a comparatively sedentary lobster. If however the sedentary lobster is
within a heavily fished area, it may have a higher probability of capture. Movement
has been positively correlated with catchability for H. americanus due to the increased
energy expenditure associated with seasonal dispersal (Bowlby et al., 2007). However
movements by H. gammarus are generally smaller in scale, and although possible,
there is no definitive evidence that resident or dispersal movement states
occur (Moland et al., 2011b,a; Smith et al., 1999). So while increased mobility might
result in greater trap exposure (Wiig et al., 2013) it is not clear whether the energetic
demands of more localised short-term movements would be sufficient to create a
similar relationship between movement and catch. If movement patterns were to
differ between life-histories a relationship between movement and catch could have
considerable management implications.
Null trajectories were not constrained to a specific range of substrates and simulated
lobsters were able to move freely depending on the randomisation of the turn angle
and, or step length. This reflected lobster movement during the pre-trap period of this
study, and lobster movement from an adjacent study area of similar substrate
composition (Skerritt et al., 2015). However, it is possible that lobster movements
were constrained by other factors that were not accounted for in the models such as,
the direction of the current (Howard and Nunny, 1983) or the distance from a known
defensible shelter (Karnofsky et al., 1989a).
2.5 Conclusion
The aim of this study was to investigate the behaviour of free-ranging H. gammarus
movements in response to spatially-explicit bait sources, and it is the first to do so.
There were no consistent movement patterns between the pre and post trap period,
although individual movement patterns did vary. The sample size of this study was
small and further estimates of the distance of attraction for free-ranging lobsters are
required to describe and understand the full range of behaviours. Acoustic telemetry
studies, both observational and experimental, can provide important behavioural
information on inshore fisheries species that could improve the estimates of CPUE.
However, future experimental approaches are likely to still involve trade-offs between
capturing the realism of the system, and controlling for confounding effects. A
particular drawback to future free-range studies will be the small number of
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approaches and the large number of traps that do not elicit a response. Large sample
sizes and longer deployment periods, at increased expense, will be required to
overcome this. If the distance at which a target species is under the influence of a bait
plume is underestimated it could lead to an inaccurate estimate of both the area of
bait influence, and the effective trapping area. Despite the uncertainty associated with
free-range studies, the ability of lobsters to move freely underlines the variability of
ranging behaviours, and the likelihood that attraction, and therefore catchability is
not equal between individuals.
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Earth, what a planet! On Earth, you enjoy eating a tasty clam. On my planet,
clams enjoy eating a tasty you!
Dr Zoidberg
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Chapter 3. Spatial overlap, space-sharing, and fine-scale behavioural
interactions between pairs of European lobsters
3.1 Introduction
The degree of space sharing and behavioural interaction between individuals can
have direct population consequences, influencing mate choice and
availability (Hutchings et al., 1999; Van Der Meeren, 1994), avoidance of
predators (Croft et al., 2009), transmissible diseases (Behringer et al., 2006), and access
to potentially limited resources affecting survival, such as food (Moland et al., 2011b),
and or shelter (Karnofsky et al., 1989a). These population level consequences
determine the social and spatial structure of species and can be of great importance to
management decisions (Carr et al., 2003; Hooker et al., 2011; Howarth et al., 2016).
However, many commercially important marine species remain poorly studied in this
respect. The wide availability of animal tracking devices in recent years, e.g. GPS,
Argos, proximity loggers, and acoustic telemetry, have revolutionised how animal
movement is studied, providing high-resolution data from which biologically
meaningful behaviours can be inferred (Morales et al., 2004). These advancements are
particularly marked for species that have been considered difficult to study, where
continued miniaturisation and improved battery life have transformed data
collection.
Homarus lobsters undertake a number of social behaviours, including dominance
interactions (Skog et al., 2009) that are characterised by a wide range of avoidance and
aggression behaviours (Scrivener, 1971; Atema and Cobb, 1980; Atema and Voigt,
1995). European lobsters Homarus gammarus are commercially valuable throughout
their range; UK landings were worth £39.5 M in 2016 (Marine Management
Organisation, 2017). Dominance interactions among H. gammarus and between H.
gammarus and other species, such as Cancer pagurus can affect the probability of
capture (Richards and Cobb, 1983; Miller and Addison, 1995; Addison, 1995; Watson
and Jury, 2013). However, despite this commercial consequence, there has been little
research on the occurrence of space-sharing or interaction in the field. The cryptic
nature of Homarus spp. within the benthic environment makes studying their
behaviour in the field challenging; previous behavioural observations have been
made using SCUBA (Moland et al., 2011b; Cobb, 1971), or snorkelling (Karnofsky
et al., 1989a). Acoustic telemetry provides an alternative methodology for collecting
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high resolution data on animal movement remotely over long time periods, and
without the expense or safety implication of repeated diver surveys. Previous
acoustic telemetry studies on H. gammarus have focussed on space-use and
home-range size (Wiig et al., 2013; Moland et al., 2011b; Skerritt et al., 2015), and have
not addressed space-sharing, proximity, or interaction between individuals.
The availability of shelter providing habitat will likely determine the extent of
space-sharing between Homarus spp. (Cobb, 1971; Howard, 1980; Bowlby et al., 2007),
and subsequent possible interactions will be constrained by environmental conditions
that determine lobster activity, such as seasonal changes in water temperature (Miller,
1990; Fogarty, 1988; Smith et al., 1998c, 2001, 1999; Robertson et al., 2016) and periodic
variation in current speed (Moore et al., 1991; Moore and Atema, 1988; Howard and
Nunny, 1983). The motivation of individuals to interact, and the length of subsequent
interactions will be influenced by internal physiological states such as hunger
regulation (Zimmer-Faust, 1989; Karnofsky and Price, 1989a), and in the case of
interactions relating to reproduction and shelter sharing, the moult cycle (Tamm and
Cobb, 1978).
Behavioural interactions among Homarus spp. are linked to the competition for
shelters (Karnofsky et al., 1989a; Debuse et al., 2003). These interactions often result in
the eviction of the resident individual (Karnofsky et al., 1989a; Karnofsky and Price,
1989b). Although lobsters’ association with shelter weakens as they grow (Wahle and
Steneck, 1992; Wahle, 1992a), they remain important in the avoidance of
predators (Smith et al., 1998c) and unfavourable environmental conditions (Howard
and Nunny, 1983). Shelters are also key to reproduction (Debuse et al., 2003) where
shelters are shared between mated pairs during periods of mate guarding (Atema,
1986; Cowan and Atema, 1990). However, advanced courtship interactions between
aquarium H. gammarus have taken place outside of shelters (Debuse et al., 2003).
While this might indicate a behavioural or ecological difference between the two
Homarus spp. (Debuse et al., 2003), the degree to which this behaviour occurs in the
field under natural predation levels is unknown.
Chemical signalling via urine releases, as well as perceived differences in body
size (Scrivener, 1971; Karnofsky et al., 1989a), mediate social interactions (Derby and
Atema, 1982; Devine and Atema, 1982; Karavanich and Atema, 1998a; Skog, 2009a;
Skog et al., 2009; Breithaupt et al., 1999). Although lobsters are less reliant on visual
cues (Kaplan et al., 1993), they have been shown to visually recognise previous
opponents in aquarium-based studies (Karavanich and Atema, 1998b; Gherardi et al.,
2010). Urine releases by conspecifics are drawn back towards antennules by fanned
appendages (Atema, 1995), and mate selection in the absence of visual cues has
occurred at over 2 m in aquarium studies (Bushmann and Atema, 2000). It is
unknown over what distance these chemical signals remain detectable in the field. H.
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americanus can remember previous opponents for up to 24 h when no other
individuals are present (Karavanich and Atema, 1998a). While the energetic benefits
of avoiding repeated conflicts with a close neighbour are clear (Karavanich and
Atema, 1993), the degree to which aggression is suppressed in the field will likely
depend on lobster density and available habitat (Karnofsky and Price, 1989b).
Aquarium and mesocosm studies are easily observable and can provide greater
experimental control, but lack the realism of field studies and restrict
movements (Watson III et al., 2009). Field studies on the behaviour and dominance of
H. americanus suggest that high-level aggressive interactions between free-ranging
lobsters may be lower than reported in laboratory studies as lobsters may occur at
artificially high densities in tank experiments (Karnofsky and Price, 1989b; Karnofsky
et al., 1989a). Although there are important considerations, such as the possible effect
of tags on behaviour (Wilson and McMahon, 2006), and the logistical difficulty in
‘ground-truthing’ inferred behaviours, telemetry data are likely to provide a more
biologically accurate assessment of lobster behaviour and interaction.
Interaction between individuals can be described as static if the interaction is
quantified in terms of shared space only, or dynamic if it is quantified in terms of
shared space and co-occurrence in time (Amlaner and Macdonald, 1980). Static
interaction is typically measured using traditional home-range analysis such as kernel
density estimation (Silverman, 1986) or minimum-convex polygon (Mohr, 1947) to
quantify space use overlap (Millspaugh et al., 2004; Fieberg and Kochanny, 2005). As
the performance of overlap indices can vary, consideration should be given to the
purpose of the analysis when selecting an approach (Fieberg and Kochanny, 2005).
For example, Bhattacharyya’s affinity (BA) (Bhattacharyya, 1943) can reliably assess
the similarity between utilization distribution (UD) estimates, and Utilization
Distribution Overlap Index (UDOI) is particularly useful for assessing shared
space-use (Fieberg and Kochanny, 2005).
Dynamic interaction can be assessed in terms of discrete data points known as
‘point-based’, such as proximity analysis (Prox) (Bertrand et al., 1996) and the spatial
interaction method (IAB) developed by Benhamou et al. (2014), or as ‘path-based’
where sequential points form vectors of movement (Long and Nelson, 2013).
Path-based approaches calculate step length and turning angle that are then
compared to assess similarity in direction and displacement between
individuals (Long and Nelson, 2013). Homarus spp. do not undertake cohesive
movement in the same way that typically social animals would, for example marine
mammals (Whitehead, 2016) or terrestrial herbivores (Michelena et al., 2010), and
therefore point-based approaches are preferred over path-based. As the time between
the detected positions of two co-occurring individuals is considered, it is possible to
quantify the degree of relatedness (Amlaner and Macdonald, 1980), or
interdependence (Doncaster, 1990), between the movements of paired individuals.
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Movements with a high degree of relatedness, or interdependence are commonly
termed attraction, and movements where individuals moving away from each other
are termed avoidance, although the exact definition will depend on the index
used (Long and Nelson, 2013; Benhamou et al., 2014; Shirabe, 2006). Several indices
for quantifying dynamic interaction exist, but can vary in their effectiveness to
identify biologically meaningful associations (Long et al., 2014; Miller, 2015) and care
should be exercised when interpreting analyses.
The proximity of tagged individuals can be evaluated using purpose built tags that
detect other proximal tags (Drewe et al., 2012), or calculated post-hoc using standard
telemetry data from two or more co-occurring individuals that fulfill both a temporal
and distance threshold (Bertrand et al., 1996). Proximity analysis can then be used to
quantify contact rates between individuals (Kjær et al., 2008; Bertrand et al., 1996;
Schauber et al., 2007; Baker and Harris, 2000). IAB (Benhamou et al., 2014) calculates
the statistical significance of an interaction, by comparing the observed interaction to
expected values generated by temporally shifting observations. IAB considers the
distance between a dyad, and also explicitly incorporates serial auto-correlation,
which is not considered in other indices (DI Long and Nelson, 2013) (Cr, Shirabe,
2006). The coefficient of sociality (Cs, Poole, 1995) also calculates the statistical
significance of a potential interaction; however, the error rate is lower in IAB and is
equally likely between avoidance and attraction (Miller, 2015) whereas in Cs Type I
errors are more likely to be associated with attraction interactions, and type II errors
are more likely to be associated with avoidance interactions. Proximity analysis and
IAB occur on a scale between 0 and 1 where values close to 0 are representative of
avoidance and values closer to one are representative of attraction.
The aim of this study was to use a hierarchical approach to assess spatial overlap,
contact rates, and interaction between lobsters in the absence of fishing activities. It
was hypothesised that areas of shared space use would occur on preferred shelter
providing substrate, and that there would be a diel pattern in the contact rates
between individuals reflecting increased levels of lobster activity; BA and UDOI were
used to assess shared-space use, and proximity analysis was used to quantify contact
rates. It was further hypothesised that lobsters that share space would move
non-independently of each other. Attraction or avoidance between pairs of lobsters
was tested using IAB.
3.2 Methods
3.2.1 Study site and data collection
Data were collected using a Vemco Positioning System (AMIRIX Systems Inc.,
Halifax, Canada) deployed approximately 2 km off Blyth, Northumberland UK
47
(approx. 55◦07′46′′N, 1◦26′89′′W) between the 23rd April and 3rd June 2013 (Skerritt
et al., 2015). Lobsters (n= 44, CL 65-98 mm, Skerritt et al., 2015) were tagged with V13
transmitters (minimum transmission delay of 5 min) and released in the study area
within 10 min. Analyses were completed in R 3.4.1. (R Core Team, 2017) using
packages adehabitatLT (Calenge, 2006) and WildlifeDI (Long et al., 2014). Only pairs of
lobsters that experienced temporal overlap during tracking, and had been separately
detected at least 100 times, were considered in the analysis. A dyad was defined as a
pairing that had two or more simultaneous locations within the temporal threshold.
A dyad was categorised as ‘female’ if both lobsters were female, and ‘male’ if both
were male, and ‘mixed’ if one lobster was male and the other was female. Prior to
analysis detections with high positional error were identified using linear regression
between two measures of horizontal positioning error (HPE and HPEm) (Skerritt
et al., 2015; Coates et al., 2013). The model was weighted by the number of HPEm
observations per whole value of HPE. This was to account for the exponential decline
in the number of observations as the value of the HPE increased. Observations with a
HPE greater than 24 were removed, limiting the maximum error to approximately 10
m and the mean error to approximately 4 m. The first 48 h of tagging data were also
removed prior to conducting the analyses to avoid including behaviour resulting
from the tagging procedure.
The substrate within the study site was characterised using an Olex AS (www.olex.no)
echosounder. Olex software provides a measure of relative hardness on a linear scale
between 1 and 100, where 100 is no energy lost; higher values are therefore associated
with more reflective materials such rock. Data were subsequently classified as, ‘Soft’
such as mud and sand < 20, ‘Mixed’ such as, mud and rock > 20 and < 35, and ‘Hard’
such as continuous rock > 35. It is not possible to infer habitat type using this method
as substrate roughness is not measured (Elvenes et al., 2013); however these data are a
broad indicator of substrate type and have been previously validated using
drop-down cameras in the vicinity of the study site (Skerritt et al., 2015).
3.2.2 Static interaction and space use overlap
Lobster utilization distributions (UD) and the indices of overlap between UDs were
calculated using the R library adehabitatHR (Calenge, 2006). The smoothing parameter
h was standardized across all lobsters and was chosen to minimise the degree of
under and over smoothing between lobster UD estimates (Kie et al., 2010): h = 5.5 m,
grid = 300, extent = 0.1. A fixed smoothing parameter was chosen over least-squares
cross-validation due to a large number of repeat locations (Hemson et al., 2005). A
home-range was defined as the 95UD isopleth and the 50UD was defined as a core
area of habitat use. Both BA and UDOI indices range from 0 (non-overlapping UDs)
to 1 (identical overlapping UDs), however UDOI can be > 1 if the UDs are
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non-uniformly distributed and have a high degree of overlap (Fieberg and Kochanny,
2005).
3.2.3 Proximity and contact rates
Proximity analysis (Bertrand et al., 1996) was used to assess the proportion of
proximal positions between each dyad αβ where α and β are the individual lobsters.
Prox =
STαβ
Tαβ
(3.1)
where STαβ is the dyad positions that fulfill both the temporal tc and spatial
threshold dc; Tαβ is the positions that only fulfill the temporal threshold tc. Proximity
was calculated using five different values of dc, 1 m = dc1, 5 m = dc5, 10 m = dc10, 15 m
= dc15, and 20 m = dc20, and six different values of tc, 10 min = tc10, 20 min = tc20, 30
min = tc30, 40 min = tc40, 50 min = tc50, 60 min = tc60. Proximity values did not vary
noticeably across the values of tc, although it did increase with dc in most cases
(Figure 3.1). Subsequently tc was set at 20 min and dc varied at 1 m, 5 m, and 10 m.
These values reflect the general slow movement of lobsters (O’Grady et al., 2001), and
the minimum transmission delay of the tags (5 min). They allowed for the possibility
of missed detections, and dc values were comparable to the estimated positional error
of lobster locations. The distance at which a free-ranging lobster is able to detect the
urine of a conspecific is unknown, but varies with aggression levels and is highest
after eating (Breithaupt et al., 1999). Urine release is in the region of 1-3 ml/h or
approximately 2 % of the body weight (Breithaupt et al., 1999). Due to the uncertainty
at which lobsters were aware of each other dc was limited to 10 m. This distance
threshold also captured proximity relating to resource sharing, such as the proximity
of lobsters to shelter providing habitat (Cobb, 1971). The locations of proximal
contacts for each dyad with a proximity value > 0 were calculated as the mid-point
between two simultaneous and proximal positions as determined by dc and tc.
3.2.4 Space sharing and interactions
Interactions between lobsters that shared space were investigated using IAB. The
error rate of IAB has been shown to be low and unbiased (Miller, 2015), however a
conservative hierarchical approach similar to Benhamou et al. (2014) was used to
reduce the possibility of erroneous interactions. As such the number of significant
interactions was calculated for dyads where Bhattacharrya’s coefficient was ≥ 0.1 and
≥ 0.2 using increasing values of ∆ and time t, where ∆ is the critical distance of
influence between two animals, i.e. the distance at which the behaviour is thought to
occur (Long et al., 2014; Benhamou et al., 2014). The statistical significance of joint
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Figure 3.1: Changes in Prox values as dc (metres) increases with different values of tc
(minutes) represented by different colour. a) no change Prox remains close to 0, b) marginal
increase to maximum value of approximately 0.25, c) Prox increases with dc to maximum
value of approximately 0.5, d) sharp increase in Prox with dc to at least 0.75. Red= 10 min,
yellow = 20 min, green = 30 min, light blue = 40 min, dark blue = 50 min, and purple = 60
min.
movement can be assessed by comparing the observed to expected values via a
permutation test, i.e. observed > expected = attraction, and observed < expected =
avoidance (Benhamou et al., 2014). If dyads were only interacting for a short period of
time due to one or both lobsters having several centres of activity the IAB analysis
was repeated to examine only behaviour that occurred within the respective
overlapping 95UD areas.
3.3 Results
Ten lobsters were excluded from the analyses; 3 lobsters were not detected within the
study area, 6 lobsters had less than 100 detections over the course of the study, and 1
lobster had a malfunctioning tag. The remaining 34 lobsters (CL 65 - 92 mm, ≥ CL 87
mm, n = 4) were successfully tracked for between 25 days and 41 days (mean ± 1 s.e.,
37.5 days ± 0.94, 16F and 18M). Damage and claw loss is common in commercial
stocks (Scarratt, 1973); in this study 4 males were missing a claw (lobsters 160, 167,
213, and 216), 1 (lobster 210) had a damaged claw, and 1 female was regrowing a claw
(lobster 198). There were 3 lobsters that were gravid at the time of tagging (lobsters
195, 204, and 209).
3.3.1 Space use and home range overlap
Female lobster home-ranges were consistently smaller than male home-ranges. The
mean 95UD for females was 2068.35 ± 370.77 m2, n = 16, compared to the mean male
95UD 6546.93 ± 1759.13 m2, n = 18. Similarly female lobster 50UD core areas were
also smaller, mean 319.44 ± 38.74 m2, compared to male mean 50UD core areas 490.39
± 65.59 m2.
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There were 36 dyads with overlapping 95UDs (BA ≥ 0.2), 25 of these dyads also had
overlapping 50UD core areas (BA > 0), (Table 3.1); BA and UDOI were highly
correlated (r = 0.94). There were three mixed sex dyads where the 95UD had a UDOI
> 1, (Table 3.1). The home-range of male lobster 194 overlapped other home-ranges
the most (n = 6 male dyads, and n = 3 mixed dyads). Male home-ranges overlapped
other lobster home-ranges more than female home-ranges (male range 1-9 dyads,
median 3 dyads, and female range 1-7 dyads, median 1 dyad). The majority of mixed
dyads involved just three female lobsters, 163 (n = 6), 169 (n = 5), and 200 (n = 4).
There were 6 lobsters that only overlapped as a female dyad, 2 lobsters that
overlapped only as a male dyad, and 4 lobsters that only overlapped as a mixed dyad
(3 females and 1 male) (Table 3.1).
The mean substrate hardness within areas of home-range overlap (95UD, BA ≥ 0.2)
ranged from 20.34 ± 0.16 (167α 169β, n = 62) to 52.15 ± 0.25 (207α 216β, n = 74),
(Fig. 3.2 and Fig. 3.3). The mean hardness of substrate within overlapping 50UD core
areas (BA ≥ 0), which was likely to include lobster shelter habitat, ranged from 20.40
± 0.30 (167α 169β, n = 8) to 53.96 ± 0.19 (167α 169β, n = 10) (Fig. 3.2 and Fig. 3.3). The
mean substrate hardness of the overlapping areas of the 95UD and 50UD were > 35,
indicative of hard reef, for 3 of the 4 female dyads (mean 33.44 ± 6.12, n = 4, Fig. 3.2).
The majority of the overlapping 95UD and 50UD areas between male dyads (n = 13),
and between mixed dyads (n = 15) occurred on mixed substrate, (mean 24.07 ± 1.25 n
= 15 Fig. 3.3a, and mean 26.81 ± 2.90, n = 17 Fig. 3.3b, respectively).
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Figure 3.2: Overlap between female lobster home-ranges that had a BA ≥ 0.2. Unique
numbers and colours in the legend refer to lobster IDs, and 50 and 95 refer to the 50UD
(dashed line) and 95UD (solid line), respectively. Substrate map: white = soft substrate,
medium grey = mixed substrate, and dark grey = hard substrate.
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Table 3.1: Spatial overlap between dyads when Bhattacharyya’s coefficient (BA) ≥ 0.2.
UDOI = Utilization Distribution Overlap Indices. Bold indicates BA 95UD ≥ 0.5 and/or
UDOI 95UD ≥ 1.
Dyad αβ BA 50UD UDOI 50UD BA 95UD UDOI 95UD
Female
163 169 0.216 0.047 0.759 0.801
164 198 0.030 0.001 0.444 0.244
175 199 0.000 0.000 0.279 0.107
202 209 0.234 0.056 0.722 0.886
Male
159 160 0.000 0.000 0.252 0.109
160 167 0.154 0.024 0.657 0.594
160 168 0.192 0.039 0.480 0.413
160 194 0.092 0.009 0.334 0.190
167 168 0.054 0.003 0.328 0.174
167 194 0.026 0.001 0.269 0.110
168 194 0.100 0.010 0.277 0.206
168 216 0.000 0.000 0.215 0.069
194 206 0.302 0.097 0.599 0.679
194 208 0.000 0.000 0.206 0.060
194 210 0.127 0.017 0.413 0.276
196 214 0.000 0.000 0.269 0.113
206 208 0.000 0.000 0.331 0.138
206 210 0.067 0.005 0.556 0.414
208 210 0.070 0.005 0.576 0.437
Mixed
159 163 0.000 0.000 0.236 0.090
159 169 0.000 0.000 0.209 0.064
160 163 0.361 0.132 0.864 1.149
160 169 0.342 0.119 0.872 1.172
163 167 0.190 0.037 0.718 0.731
163 168 0.206 0.044 0.485 0.431
163 194 0.120 0.015 0.361 0.224
167 169 0.198 0.040 0.713 0.691
168 169 0.088 0.008 0.368 0.210
168 207 0.000 0.000 0.274 0.115
169 194 0.029 0.001 0.277 0.121
174 177 0.027 0.001 0.512 0.377
194 200 0.000 0.000 0.220 0.076
200 206 0.000 0.000 0.334 0.152
200 208 0.413 0.176 0.876 1.346
200 210 0.131 0.017 0.623 0.612
207 216 0.228 0.053 0.723 0.746
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3.3.2 Proximity and contact rates
Multiple individuals were involved in more than one dyad that resulted in 559
unique dyads with two or more simultaneous observations (tc20). The number of
dyads with Prox values > 0 (i.e. 1 or more observations that fulfilled both the
temporal tc and distance threshold dc) reduced with dc (Fig. 3.1 a-d), dc10 = 45 dyads,
dc5 = 33 dyads, and dc1 = 16 dyads. Dyad 200α 208β had the maximum Prox value for
all combinations of dc and tc20 (0.71, 0.36, and 0.02, Tαβ = 826) (Table 3.2). The
minimum non-zero Prox value was ≤ 0.002 for all values of dc. The decrease in Prox
values followed 4 distinctive patterns, consistently low values of Prox for dyads that
very infrequently fulfilled both the dc and tc thresholds (Fig. 3.1a), dyads that were
occasionally proximal but only at higher values of dc (Fig. 3.1b-c), or dyads that were
proximal at all values of dc, (Fig. 3.1d). There were 31 dyads that had overlapping
95UD and non-zero value for BA and a 0 value for Prox.
The difference in CL between paired individuals ranged between 0 mm and 33 mm
(mean, 8.49 ± 0.28 mm), and the differences in CL between individuals were less at
dc1 compared to dc10, (Table 3.3). The number of female dyads was similar at all
values of dc. The number of male only, and mixed sex dyads reduced at dc1, (Table 3.2
and Table 3.3). The number of contacts per hour was highest between 1800 h and 0600
h regardless of dc or the sex of paired individuals (Fig. 3.4a and b). Several lobsters
were involved in more than one dyad, male lobsters had a higher median number of
dyads than female lobsters and had the largest number of dyads at all values of dc (10
= dc10, 7 = dc5, and 5 = dc1, Fig. 3.4c).
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Table 3.2: Proximity of dyads at decreasing values of dc when BA ≥ 0.1. n Tαβ is the number
of simultaneous observations within tc20.
Dyad αβ BA95 n Tαβ dc10 dc5 dc1
Female
163 169 0.759 504 0.494 0.111 0.004
202 209 0.722 98 0.327 0.082 0.010
164 198 0.444 230 0.148 0.013 0.004
175 199 0.279 66 0.015 0.000 0.000
Male
160 167 0.657 750 0.348 0.085 0.001
194 206 0.599 673 0.361 0.220 0.021
160 168 0.480 456 0.368 0.107 0.009
208 210 0.576 752 0.259 0.032 0.001
206 210 0.556 657 0.204 0.029 0.002
194 210 0.413 352 0.105 0.009 0.000
159 160 0.252 524 0.082 0.025 0.002
160 194 0.334 339 0.080 0.029 0.000
167 168 0.328 407 0.079 0.022 0.000
168 216 0.215 67 0.075 0.000 0.000
196 214 0.269 222 0.050 0.014 0.000
159 168 0.148 328 0.049 0.012 0.000
167 194 0.269 350 0.031 0.003 0.000
206 208 0.331 733 0.029 0.003 0.000
194 208 0.206 394 0.010 0.000 0.000
168 213 0.121 517 0.008 0.002 0.002
159 167 0.148 554 0.007 0.000 0.000
168 194 0.277 283 0.004 0.000 0.000
Mixed
200 208 0.876 826 0.713 0.361 0.023
160 163 0.864 268 0.646 0.261 0.019
160 169 0.872 1075 0.637 0.233 0.020
163 167 0.718 231 0.364 0.117 0.004
167 169 0.713 932 0.438 0.104 0.006
200 210 0.623 901 0.320 0.071 0.003
163 194 0.361 260 0.277 0.096 0.000
207 216 0.723 35 0.257 0.000 0.000
163 168 0.485 213 0.216 0.070 0.000
168 169 0.368 670 0.143 0.031 0.000
169 194 0.277 650 0.078 0.018 0.000
162 215 0.176 92 0.065 0.000 0.000
168 207 0.274 216 0.032 0.005 0.000
200 206 0.334 773 0.032 0.006 0.000
159 169 0.209 731 0.031 0.003 0.000
159 163 0.236 229 0.026 0.000 0.000
174 177 0.512 140 0.021 0.007 0.000
194 199 0.173 252 0.016 0.000 0.000
194 200 0.220 346 0.012 0.000 0.000
159 172 0.162 291 0.010 0.000 0.000
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3.3.3 Space sharing and interactions
The number of significant results identified by IAB increased with ∆, but did not vary
with increasing values of t, or differ depending on whether BA = 0.1 or BA = 0.2 was
set as the threshold for inclusion. As a result the more conservative threshold BA = 0.2
was used (Fig. 3.5); only significant interactions are reported (Table 3.4). There were
15 interactions when ∆ = 10 m and all interactions were classed as an attraction.
When ∆ = 5 m there were 9 attraction interactions, and 6 avoidance interactions
(Table 3.4). Two dyads that were classed as an attraction when ∆ = 10 m changed to
an avoidance when ∆ = 5 m (Table 3.4). Subsequently an intermediate value of ∆ =
7.5 m was used and resulted in p > 0.50 in both cases. The majority of male dyads
exhibited avoidance when ∆ = 5 m (Fig. 3.6 and Fig. 3.7). Three of these male dyads
remained within approximately 50 m of each other throughout the tracking period,
(Fig. 3.7). There were only 2 male dyads that had attraction interactions at ∆ = 5 m
(Table 3.4, and Fig. 3.6, 160α 168α and 194α 206α). The majority of mixed sex dyads
had attraction at all values of ∆, only one had an avoidance at ∆ ≤ 7.5 m (Table 3.4
and Fig. 3.8). There were several lobsters that interacted with more than one
individual (Table 3.4) and some appeared to do so concurrently. For example, male
lobsters 208 and 210 were attracted to female lobster 200, but avoided each other
(Fig. 3.7 and Fig. 3.9). Similarly, male lobster 160 was attracted to female lobsters 163
and 169 (Fig. 3.10), and female lobster 169 was additionally attracted to male lobsters
167 and 168 (Fig. 3.9 and Fig. 3.8). The results from dyads that were reanalysed due to
multiple areas of activity resulting in relatively short periods of interaction, relative to
the total tracked period, were largely similar to those in Table 3.4, although observed
values for both attraction and avoidance were larger (Table 3.5).
Figure 3.5: The number of significant attractions i.e. when observed interactions was larger
than the expected when ∆ is 1 m, 5 m, 10 m, 15 m, and 20 m, t increases at 10 min
increments from 10 min to 60 min and a) Bhattacharyya’s coefficient ≥ 0.1 or b)
Bhattacharyya’s coefficient ≥ 0.2
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Figure 3.7: Movement and home-range overlap of male dyads αβ that exhibited limited
movement during tracking. a) dark blue points and dashed line = α, light blue points and
dotted line = β, red line = 50UD and black line = 95UD, b) distance between dyad, and c)
interaction index over time.
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Figure 3.8: Movement and home-range overlap of mixed sex dyad 159α 169β. a) dark blue
points and dashed line = α, light blue points and dotted line = β, red line = 50UD and black
line = 95UD, b) distance between dyad, and c) interaction index over time.
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Figure 3.10: Movement and home-range overlap of mixed sex dyads αβ that exhibited
limited movement during tracking. a) dark blue points and dashed line = α, light blue
points and dotted line = β, red line = 50UD and black line = 95UD, b) distance between
dyad, and c) interaction index over time.
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3.4 Discussion
This is the first attempt to quantify interaction between free-ranging H. gammarus.
The sample size was large n = 34, and the range of CL representative of the local
catchable population (Skerritt, 2014); however, the number of legal size lobsters (CL ≥
87 mm) was small (n = 4). There were clear areas of spatial overlap between same and
mixed sex dyads, particularly at the edges of hard and mixed substrate, underlining
the importance of shelter providing habitat for lobsters (Cobb, 1971; Howard, 1980;
Bowlby et al., 2007). Several lobsters interacted with more than one other, either by
having multiple centres of activity, such as lobster 194, or by interacting with multiple
individuals that remained within close proximity, such as lobster 160 and lobster 169,
highlighting the high degree of individual variation in movement patterns (Skerritt
et al., 2015). However, it is important to acknowledge that the number of tagged
lobsters was a small proportion of the true population and that lobsters were likely
interacting with, and responding to, other untagged conspecifics throughout the
study.
3.4.1 Space use and home-range overlap
The size of home-ranges were smaller than previous studies (Moland et al., 2011b;
Wiig et al., 2013), differences in size are likely due to the longer time scale of previous
studies (242-354 days, Moland et al., 2011b) and the different tracking methods used,
i.e. mobile-tracking (Moland et al., 2011b), and 30 min centres of activity (Wiig et al.,
2013) which can over estimate UD size (Simpfendorfer et al., 2002). Skerritt et al.
(2015) previously investigated the size of H. gammarus home-ranges using these data
and further details can be found therein. The purpose of this study was to investigate
the home-range overlap of H. gammarus as part of a hierarchical analysis of lobster
interactions. There was broad agreement between BA and UDOI at both the 95UD
and the 50UD. Although BA was higher in all cases, except where UDOI produced
values > 1, the degree of overlap between dyads was ranked similarly. There was a
relatively small number of female only dyads (BA > 0.2). The larger number of male
and mixed dyads was therefore likely driven by the larger home-ranges of more
mobile male lobsters with multiple areas of activity (Skerritt et al., 2015) overlapping
with the home-ranges of the more sedentary females. The majority of female-only
dyads shared space on hard substrate, but the majority of male only and mixed sex
dyads shared space on mixed substrate. This is again reflective of the importance of
shelter providing habitat (Cobb, 1971; Howard, 1980; Bowlby et al., 2007), and the
larger home-range areas of the more mobile male lobsters (Skerritt et al., 2015).
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3.4.2 Proximity and contact rates
Only a small number of dyads that experienced simultaneous detections (559 dyads)
were also proximal (45 dyads = dc10, 33 dyads = dc5, 16 dyads = dc1). Contacts were
highest between 1800 h and 0600 h reflecting the lobsters increased activity during
hours of twilight and darkness (Smith et al., 1999, 1998c,b; Meeren, 1997; Scopel et al.,
2006), and subsequent increased rates of detectability. Interactions between lobsters
were only quantifiable if both lobsters were outside of their shelters, it is therefore
possible contact rates could have been underestimated due to shelter-related
behaviour, although consideration was given to the choice of tc in order to minimise
this effect. Lobsters from the full range of sampled CL interacted, apart for the very
largest individual (CL 98 mm). The difference in CL between paired individuals was
similar regardless of dc. This was possibly due to the availability of suitably sized
shelters driving the distributions of similarly sized lobsters (Cobb, 1971; Howard,
1980; Bowlby et al., 2007); however, it could also be due to the over representation of
some lobsters due to interactions with more than one conspecific. The number of
female-only dyads that interacted remained similar at all values of dc, but the
numbers of male-only dyads reduced when dc = 1, and mixed sex dyads were reduced
at dc = 5 and below. Previous work (Skerritt et al., 2015) has suggested that female H.
gammarus are more sedentary than males which may explain contact at small values
of dc. A larger number of interactions by large males has been previously linked to
mate competition, although not causally (Karnofsky and Price, 1989b). Males in this
study were involved in the largest number of dyads at all values of dc. There were a
number dyads with overlap of the 95UD that had a small values of BA and a 0 value
for Prox. This is due to the UD estimation including empty space, and highlights the
advantages of dynamic approaches when quantifying interaction and space sharing.
3.4.3 Space sharing and interactions
Statistically significant attraction interactions were identified at ∆ = 10 m, and both
attraction and avoidance was identified when ∆ = 7.5 m and ∆ = 5 m. This suggests
that ∆ = 10 m was potentially too large to identify true behavioural interactions
between dyads and was likely describing a larger scale relationship between lobsters
and their preferred habitat (Cobb, 1971; Howard, 1980; Bowlby et al., 2007); for
example they may have been attracted to the habitat, not each other. Both male and
mixed sex dyads exhibited limited movement during the tracking period, and
although the proximity of lobsters was similar, male dyad interactions were classed as
avoidance and mixed sex dyads were classed as attraction. These apparent differences
between mixed sex and male dyad interactions are more pronounced when
considering that some lobsters were involved in multiple interactions, where male
lobsters avoided male lobsters, while being attracted to female lobsters in the same
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time period. Although there was only one female dyad several female lobsters were
attracted to more than one male. It is not possible from these analyses to determine
which lobster instigated the interaction. In the case of avoidance interactions
involving lobster 210, avoidance of conspecifics due to a damaged claw could be
possible (Karnofsky et al., 1989a), although lobster 160 did not appear to be similarly
affected. Male-male avoidance could be suggestive of small scale spatial exclusion of
other males. Aquarium experiments have found that male lobsters will occupy a
centrally located shelter and exclude other inhabitants, not only of the occupied
shelter, but also from surrounding shelters (Karnofsky and Price, 1989b). A previous
study has suggested that in field studies there is less aggressive behaviour exhibited
by H. americanus than that documented in aquarium studies, due to potentially
artificially high stocking densities in tanks (Karnofsky and Price, 1989b). The only
avoidance interaction between a mixed sex dyad 159α 169β was characterised by the
short time period the two lobsters spent close to one another before the male (lobster
159) undertook longer range movements; when this was reanalysed using only data
with the intersecting 95UD, the interaction was no longer significant. A similarly
short period characterised the attraction between 163α 194β; however, this remained a
significant attraction after reanalysis. It is not clear if the non-significant interaction
between 159α 169β in the reanalysis was due to the small number of positions, or to
the scale at which the data were subsampled.
As the distance at which lobsters are aware of each other in the field is not known,
conservatively small values of ∆ were used. The observed value of interaction for
avoidance is by definition required to be a small number; however, low observed
values that have resulted in statistically significant attraction, such as 168α 169β when
∆ = 5 m (Table 3.4), suggest that joint movement occurred very infrequently in these
dyads (Benhamou et al., 2014). In this case ∆ was probably underestimated and joint
movement occurred, but at a larger distance. The significance of these interactions is
likely to be poorly estimated, and it is important to remember that a statistical
difference does not equate to a biological difference (Johnson, 1999). In the case of
168α 169β estimation improved once the area was reduced to only include the points
within the respective 95UDs (Table 3.5). This highlights the need to consider the scale
of movements when investigating interactions. Although a hierarchical approach was
implemented only a small proportion of lobsters interacted. It is possible that the
differences in interaction classification between male and mixed sex dyads are an
artifact of habitat availability, or a chance spatial organisation of individuals, therefore
behavioural interpretation of these results should be done with caution.
IAB was chosen over path-based indices (e.g. DI (Long and Nelson, 2013) and
Cr (Shirabe, 2006)) as it takes account of the distance between individuals (Benhamou
et al., 2014). Behavioural interactions between lobsters are reliant on olfactory cues
and are likely to occur at close proximity; however, at times during tracking lobsters
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were in excess of 100 m from a simultaneously detected lobster, if distance had not
been considered, spurious interactions without biological context might have been
included. Although IAB was assessed with a range of ∆ and t, the distance over
which an olfactory signal could be detected will likely rely on current speed and
direction (McQuinn et al., 1988); these were not measured as part of this study.
Fine-scale behaviours exhibited by lobsters, such as tail-flipping, were unlikely to be
captured due to the transmission delay of the tags (5 min). The analyses undertaken
were only able to measure proximity and behaviour in terms of broadly positive or
negative space-sharing, and were unable to incorporate fine-scale behaviours and
differing levels of aggression (Scrivener, 1971). For example, the close contact,
approach-retreat behaviours that are important in assessing the status of
conspecifics (Karnofsky and Price, 1989b) were unable to be identified or inform
results. This highlights some of the limitations of using tracking data to infer
behavioural mechanisms and the importance of validating behaviour data. However,
using divers to collect behavioural observations of benthic organisms in open water is
costly, logistically difficult, and can only be conducted in fair conditions. Previous
studies have used mesocosms (Watson III et al., 2009), or shallow coastal
sites (Karnofsky et al., 1989a). While providing greater experimental control and
reliable working conditions these setups are often not representative of the condition
within the wider ecosystem. One possible solution would be the use of an acoustic tag
with an integrated accelerometer, e.g. Vemco (AMIRIX Systems Inc., Halifax, Canada)
V13AP (Jury et al., 2018). Although accelerometers are becoming increasingly popular
in terrestrial and marine tracking studies, their use during field deployments has
largely been restricted to teleosts (Stehfest et al., 2015; Pedersen et al., 2008) and
elasmobranchs (Leos-Barajas et al., 2017b), (although see, Goldstein et al., 2015; Lyons
et al., 2013; Jury et al., 2018). Aquarium experiments have utilised accelerometers to
study lobster behaviour (Goldstein et al., 2015; Lyons et al., 2013) and initial
mesocosm studies have correlated activity with distance moved (Jury et al., 2018).
However, the attachment method and biological interpretation of data require
additional validation across life-histories prior to field deployment (Broell et al., 2013;
Jury et al., 2018).
3.4.4 Conclusion
There was evidence of both broad and fine-scale space-sharing, and interaction
amongst the lobsters in this study. All three analytical approaches were in broad
agreement, highlighting the greater mobility of males, resulting in greater
space-sharing in terms of home-range overlap, and a larger number of fine-scale
interactions with conspecifics. Fishers already use areas where they believe higher
densities of target species exist. These results further illustrate the non-random
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distribution of lobsters in relation to habitat and provide an understanding of habitat
use, space-sharing and behaviour that could not be achieved in tank experiments,
underlining the usefulness of acoustic telemetry in understanding the movements of
hard to study species in the field. This approach, together with
capture-mark-recapture data and habitat level substrate maps, could provide valuable
insight into the spatial and temporal variability in the distribution of individuals, as
well as information useful to fisheries management and protected area designation.
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The human world, it’s a mess.
Life under the sea is better than anything they’ve got up there..
Sebastian
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Chapter 4. Investigating movement patterns of European lobsters, and
identifying potential drivers of movement and behaviour change
4.1 Introduction
The behaviour of individuals within a population can be highly variable, and related
to body size (Shepherd and Clarkson, 2001), food availability and hunger (Walker
et al., 1999; Moore and Howarth, 1996), environmental conditions (Tuomainen and
Candolin, 2011), and reproduction (Ru et al., 2017). Yet how behaviour varies and
changes through time is an often neglected source of bias within stock assessment
models that assume all individuals are equally available to the fishery (Stoner, 2004).
While there is evidence of non-constant catchability for a number of fished
species (see review Wilberg et al., 2010), this assumption is particularly problematic
for decapods (Miller, 1990), many of which are commercially important.
Movement rates of Homarus spp. correlate with environmental conditions (Smith
et al., 2001; Bowlby et al., 2007; Jury and Watson, 2013), time of day (Scopel et al.,
2006), and seasonal resource availability (Bowlby et al., 2008). Two potential
movement states, ‘resident’ and ‘transient’ have been described for H.
americanus (Ennis, 1984; Bowlby et al., 2007, 2008). Currently there is no evidence of
more than two behavioural states in H. gammarus (Moland et al., 2011a). Although
movement rates of Homarus spp. can be highly variable between individuals (Skerritt
et al., 2015) the influence of sex, body size, or reproductive state on home range size is
unclear. Moland et al. (2011a) and Scopel et al. (2009) found no effect; however, a
study by Skerritt et al. (2015) observed that males had a larger home-range than
females. Diel and seasonal patterns of activity have been observed for H.
gammarus (Smith et al., 1998c, 1999), but the scale of movements made by H. gammarus
is thought to be generally smaller in magnitude (0.5 m - 1 km e.g. Smith et al., 2001;
Agnalt et al., 2007; Moland et al., 2011b; Wiig et al., 2013) in comparison to the large
movements recorded for H. americanus ( 90 km e.g. Campbell and Stasko, 1986;
Cooper and Uzmann, 1971). Movement patterns of H. gammarus can differ depending
on the substrate hardness suggesting a potential link between lobster behaviour and
substrate composition (Skerritt et al., 2015) and increased mobility has been correlated
with increased trap exposure (Wiig et al., 2013) and catchability (Bowlby et al., 2007).
Collecting telemetry data from marine organisms is challenging and often suffers
from large periods of missing observations, resulting in highly irregularly data sets.
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In the case of marine mammals, high degrees of missingness occur because positions
are only recorded when an individual surfaces to breathe and the tag is able to
connect to GPS or Argos satellites (Morales et al., 2004; Costa et al., 2010). While
acoustic telemetry can facilitate continuous tracking via a Vemco Positioning System,
or similar, Homarus spp. seek shelter to avoid unfavourable environmental
conditions (Bowlby et al., 2007, 2008; Howard, 1980; Howard and Nunny, 1983), to
reproduce (Debuse et al., 2003), and to avoid predation (Cooper and Uzmann, 1980;
Oppenheim and Wahle, 2013), during which time individuals are unlikely to be
detected. As a result telemetry data collected from Homarus spp. can suffer from
missingness in a similar way to that of the more traditionally tracked marine
mammals. However, data gaps from Homarus spp., or any other shelter-seeking
species, can be considered a fundamental element of their movement process, and
indicative of behaviour change. Unfortunately, large errors and large amounts of
missingness can restrict the availability of suitable analytical approaches (Gurarie
et al., 2009). Behavioural change point analysis (BCPA) (Gurarie et al., 2009, 2016) is a
method with few assumptions that identifies changes in behaviour in highly variable
and gappy movement data. Change points within a time series are identified by a
sweeping window and selected using Bayesian information criterion (BIC) (Gurarie
et al., 2009, 2016). Movement metrics (step length and turning angle) are used to
derive measures of directionality and velocity of movement; changes in any of the
three parameters, mean µ, variance σ, and continuous autocorrelation ρ, or time-scale
of autocorrelation τ , can then be identified as an indicator of behavioural
change (Gurarie et al., 2009, 2016). BCPA has been used to identify behavioural
change points in a variety of taxa, for example, penguins (Zhang et al., 2015),
turtles (Mingozzi et al., 2016), tapir (Gonza´lez et al., 2017), as well as acoustically
tracked lamprey (Gurarie et al., 2016).
Although BCPA is useful in visualising possible changes in behaviour it does not
include covariates that may be considered drivers of behavioural change, and so
biological interpretation is limited. Another approach is to assume that the
unobserved behaviours present within the movement data belong to different
statistical distributions or behavioural ‘states’ that are characterised by differences in
step length and the directionality of movement (e.g ‘encamped’ vs ‘transiting’
behaviours, Morales et al., 2004). These state space models are implemented within a
Bayesian framework and remain statistically challenging and computationally
intensive (Jonsen et al., 2005, 2013, although see Auger-Me´the´ et al. 2017) as the true
behavioural state is often not observed, and depending on the method used (e.g. GPS
versus Argos), the positional error of locations can be substantial (Morales et al., 2004;
Costa et al., 2010). Hidden Markov models (HMMs) are a special case of state-space
model where there are a finite number of latent states (Zucchini et al., 2016) and
provide a computationally tractable and mathematically simplistic alternative where
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the assumption of negligible error holds true (Langrock et al., 2012; Patterson et al.,
2008). They have been used in a wide-range of scientific fields: speech
recognition (Bahl et al., 1983), economics (Ryde´n et al., 1998) and environmental
research (Hughes et al., 1999). More recently they have become popular for modelling
animal movement (Langrock et al., 2012). Recent software advances that include
additional pre-processing, non-stationarity, and multiple imputation (Michelot et al.,
2017; McClintock and Michelot, 2017) have widened the applicability of the technique
by relaxing the assumption of negligible error and regular time steps; many of the
realities of animal tracking, particularly within marine-based studies that include
extreme amounts of missing data, irregular sampling, and possibly large
measurement error can now be addressed within a HMM framework.
The aim of this study was to investigate the suitability of emerging movement
modelling approaches to decipher the potential behaviour states of lobsters using
acoustic telemetry data. Due to the behaviour of lobsters, and their habitat
preferences, lobster telemetry data is characterised by large and irregular data gaps.
Analysis methods specific to missing data (BCPA), or that interpolate missing data
points in a realistic manner (multiple imputation HMMs) may be able to offer new
insight into the fine-scale movement patterns of lobsters. The effects of environmental
covariates on sheltering behaviour were investigated using generalized estimated
equations (GEEs), and changes in the behaviour were assessed using BCPA. HMMs
were used to identify behavioural states and investigate potential environmental
drivers of behavioural change. It was hypothesised that lobster activity would be
driven by environmental periodicity in relation to the tide (12.42 h and 12 h
periodicity) and time of day (24 h periodicity), and that longer range movements
would be associated with areas of varied substrate hardness.
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Step length
and turn angle
Observational process
Autocorrelation
Behavioural
states
Missing data
Measurement
error
Environmental
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Detection
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BCPA
Figure 4.1: Conceptual model of lobster movement. Blue solid rectangles = behaviour, red
text = sources of uncertainty, blue text = external drivers of behaviour. Brackets indicate
areas of the movement process modelled by each of the analytical approaches.
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4.2 Methods
4.2.1 Study site and data collection
Data were collected using a Vemco Positioning System (AMIRIX Systems Inc.,
Halifax, Canada) deployed approximately 2 km off Blyth, Northumberland UK
(approx. 55◦07′46′′N, 1◦26′89′′W) between the 23rd April and 3rd June 2013 (Skerritt
et al., 2015). Lobsters (n= 44, CL 65-98 mm, Skerritt et al., 2015) were tagged with V13
transmitters (minimum transmission delay of 300 s) and released in the study area
within 10 min. Prior to analysis detections with high positional error were identified
using linear regression between two measures of horizontal positioning error (HPE
and HPEm) (Skerritt et al., 2015; Coates et al., 2013). The model was weighted by the
number of HPEm observations per whole value of HPE (see Section 2.2.3). This was
to account for the exponential decline in the number of observations as the value of
the HPE increased. Observations with a HPE greater than 24 were removed, limiting
the maximum error to approximately 10 m and the mean error to approximately 4 m.
The first 48 h of tagging data were also removed prior to conducting the analyses to
avoid including behaviour resulting from the tagging procedure.
The substrate within the study site was characterised using an Olex AS (www.olex.no)
echosounder. Olex software provides a measure of relative hardness on a linear scale
between 1 and 100, where 100 is no energy lost; higher values are therefore associated
with more reflective materials such rock. Data were subsequently classified as, ‘Soft’
such as mud and sand < 20, ‘Mixed’ such as mud and rock > 20 and < 35, and ‘Hard’
such as continuous rock > 35. It is not possible to infer habitat type using this method
as substrate roughness is not measured (Elvenes et al., 2013), however these data are a
broad indicator of substrate type and have been previously validated using
drop-down cameras in the vicinity of the study site (Skerritt et al., 2015).
4.2.2 Autocorrelation and missing data
Autocorrelation within the data was investigated by first interpolating the missing
data points within the lobster tracking data. Missing values were replaced at 5 min
intervals, the average transmission delay of the tags, using the next available detected
position. Data were then subsampled at different sampling frequencies 5 min, 15 min,
30 min, 45 min, 60 min and 120 min, and the autocorrelation function (acf function in
R (R Core Team, 2017)) assessed for each subsampled data set.
To identify possible sheltering behaviour logistic GEEs were used to investigate the
effect of environmental covariates on the pattern of missing data. Cosine and sine
functions of time with varying periods were included as predictor variables to
represent cyclical environmental covariates (Stolwijk et al., 1999) day period = 24 h,
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day period = 12 h, and tidal period = 12.42 h. Missing observations were replaced as
NAs at 5 min intervals to reflect the average sampling frequency of the V13 tags,
subsequent NAs were coded as ‘1’ and real observed data points were coded as ‘0’.
The addition of missing data resulted in a lobster data set n = 336063, in order to make
the analysis more tractable data were subsampled and only every 30th observation
was used, n = 11203, this resulted in a position every 2.5 h. The analysis was repeated
using receiver tags with NAs inputted at 10 min (average sampling frequency of
receiver tags) and subsampled to every 15th observation n = 4722, to check that any
significant effects were not merely artifacts of the Vemco hydrophones detection
probabilities under different environmental conditions. Subsampling every 15th
observation for receiver tags produced data at the same resolution as the lobster tags,
i.e. every 2.5 h. Day 0 and day 41 were removed so only full days of data collection
were used. Models had an auto-regressive correlation structure to account for
autocorrelation, observations were time ordered, and grouped by lobster ID to
account for individual-level non-independence; all models were built using R library
geepack (Højsgaard et al., 2006). Lobsters that had more than 100 data points and that
were tracked for more than one month were considered in the analysis.
4.2.3 Behavioural Change Point Analysis
BCPA identifies changes in behaviour within an animals trajectory by using a moving
window of n animal locations (window size). Behavioural change is the result of a
significant change in one or more of three parameters relating to the direction or
speed of the animal, i.e. the mean = µ, standard deviation = σ, and time-scale of
autocorrelation = τ . Significant changes in these parameters are defined as 8 separate
models (Table 4.1). τ is a continuous measure of the temporal correlation in the
movement (Gurarie et al., 2009).
Two measures of behaviour were analysed using BCPA, the persistent velocity (V p)
and log(velocity) (log(V )). Analysing movement using V p identifies changes in the
tortuously of movement by including speed and turn angle (V p) = V cos(θ), where V
is speed = displacement/time interval and θ is turning angle (Gurarie et al., 2016).
Analysing behaviour using log(V ) only considers changes in speed. The chosen
window size should correspond to the time scale at which the behaviour is likely to
occur (Gurarie et al., 2016; Gonza´lez et al., 2017; Walden-Schreiner et al., 2018). V p
models used window size (w) = 50 and log(V ) models used w = 75, both used step size
= 1 (data points moved between windows). As the minimum sampling period was 5
min so w = 50 and w = 75 would represent a period of at least 4-6 h during which
emergence from shelters, and therefore a change from not moving to moving, would
occur. BCPA model selection uses a modified version of BIC
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BIC = −K log(L) + k log(n) (4.1)
where L is the likelihood, k is the number of parameters and n is the number of data
points, but where a constant K > 0 replaces the standard 2, therefore smaller values
K result in more conservative model selection (Gurarie et al., 2009). Different values
of K were selected to model V p and log(V ), but were kept constant between lobsters
in order to make results comparable. BCPA output can be either ‘smooth’ or ‘flat’.
Smooth BCPA returns parameter estimates from each data point averaged over all the
windows, and flat BCPA returns estimates that are calculated between each of the
returned change points (Gurarie et al., 2009, 2016). As such, flat BCPA assumes that
behaviour does not vary between change points (Gurarie et al., 2016). The ‘threshold’
and ‘cluster width’ of change points for the smooth and flat analyses, refer to the
number of times a change point has to be identified before it is reported, and the
number of change points to cluster before estimating the parameters between them,
respectively (Gurarie et al., 2009). Threshold and cluster width were also kept
constant between lobsters to keep tracks comparable, and were chosen to avoid
overly complicated models while retaining the ability to discriminate between clear
changes in parameters; V p models used threshold = 12, cluster width = 15, and K = 4
and log(V ) models used threshold = 6, cluster width = 6, and K = 1.5. Lobster tracks
were assessed visually and only individuals that had a centre, or centres of activity,
and longer range movements beyond these areas were analysed. To further ensure
that analysed tracks were comparable, a larger sample size threshold of a 1000
positions that had been tracked for over a month were used in the BCPA analysis.
Table 4.1: Definition of change point models (Gurarie et al., 2009).
Model Parameters changed
M0 Null model
M1 µ only
M2 σ only
M3 τ only
M4 µ and σ
M5 µ and τ
M6 σ and τ
M7 µ, σ, and τ
4.2.4 Hidden Markov models
Lobster tracks used in the BCPA analyses were subsequently reanalysed using HMMs
to investigate the effect of covariates on the probability of transitioning from
restricted behaviour to more directional longer range movement. HMMs were built
using the R package momentuHMM (McClintock and Michelot, 2017). Individual
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movement was modelled separately and only lobsters that had been tracked for a
month or more, and had 1000 data points were used in the analysis. As raw data were
irregular, missing values were first modelled using a continuous-time correlated
random walk (CRAWL model (Johnson et al., 2008)); the CRAWL model adjusts for
the size of the error and therefore raw data had an HPE ≤ 100. The basic
continuous-time correlated random walk model assumes constant motion (Johnson
et al., 2008). Due to the shelter-seeking behaviour of H. gammarus they cannot be
considered to be in constant motion. Sheltering behaviour was modelled by including
an activity variable that slows the velocity of the model to zero (Johnson et al., 2008);
lobster activity was coded as 0 or 1 depending on whether the detection interval was
greater or lesser than a specified time period. For example, if the animal was
undetected for more than 2 h then the activity was recorded as 1 and less than 2 h was
0. Two alternative activity variables were modelled, using 1.5 h and 2 h gaps to
determine if the lobster was moving; these values correspond to approximately the
90 % and 95 % quantiles and were similar for all lobsters (Fig. 4.2). Due to the slow
movement of H. gammarus, locations were predicted at 1 h, 2 h and 3 h intervals,
which retained the majority of the paths’ original characteristics, but reduced the
large number of 0 step lengths. The cosine and sine functions used in Section 4.2.2
were used as covariates; the momentuHMM package (McClintock and Michelot, 2017)
requires that wave periods are whole numbers, therefore 12.4 h was converted to 744
min prior to analyses. Habitat covariates included substrate hardness and depth, and
were available from Olex data. Additional habitat information on the variability of
the substrate hardness and depth, as well as the distance from an edge, defined as a
change in hardness values greater than 30%, were derived from the Olex data (see
Section 2.2.2) using ArcMap. Step length was modelled using the gamma distribution
with a zero inflation parameter, and turn angle was modelled using the wrapped
Cauchy distribution. The wrapped Cauchy distribution is a standard distribution
with fat tails used to model animal movement turn angles (Morales et al., 2004;
Yackulic et al., 2011). There are two parameters: the mean µ and the mean cosine of
the angular distribution p which is bounded by 0 and 1, where 0 is a uniform
distribution and 1 is a concentrated distribution around µ. In an attempt to maximise
the global likelihood function initial parameters were randomly replaced 50
times (Michelot et al., 2016b; Langrock et al., 2012).
Hidden Markov model selection can be difficult, with a tendency for more
complicated models to be selected regardless of biological relevance, as such, a
pragmatic approach to model selection is required (Pohle et al., 2017). Only two states
were investigated in this study, state 1 = sheltering/restricted movement, and state 2
= longer range directional movement. Model selection used a 4 step process and all
best fit models were selected using AIC, and by examining the pseudo-residuals and
the remaining autocorrelation: 1) models containing cyclical covariates and
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Figure 4.2: The 95 % quantile for the detection period between sequential observations for
lobsters that were tracked for more than a month.
environmental covariates were compared separately, i.e. one covariate per model; 2) if
models containing a cyclical or environmental covariate were both better than the null
model, a more complicated model containing both the top cyclical covariate and the
top environmental covariate was fitted. Likewise if more than one cyclical covariate
was better than the null model a more complicated model containing both was used
to investigate an additive relationship; 3) using the preferred model covariates as
identified in steps 1 and 2 a further model was used to investigate if the state
distribution parameters were a function of those covariates; 4) finally, the best fit
model was then used to simulate n = 100 tracks, model estimates were pooled, and
standard errors and confidence intervals were derived to account for the positional
error associated with the interpolated data (Equations A.1 and A.2) (Rubin and
Schenker, 1986). As environmental covariates were derived from the same Olex data,
only one environmental covariate was included in a model due to the possibility of
collinearity.
4.3 Results
4.3.1 Autocorrelation and missing data
There were 30 lobsters that had at least 100 detections and had been tracked for at
least a month. The autocorrelation functions for lobster step length indicate
non-stationarity; cyclical patterns within lobster step length became more apparent as
the sampling period increased (Fig. 4.3 and Fig. 4.4).
Neither the 12 h or 12.42 h periods that represented the tidal cycle were significant
predictors of periodically missed lobster detections (sine 12 h p = 0.41, cosine 12 h p =
0.24, and sine 12.42 h p < 0.001, cosine 12.42 h p = 0.14). A simplified model
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containing only 24 h periodicity was fitted; there was a significant effect of the time of
day on the periodic probability of missed lobster detections (sine 24 h p = 0.002, cosine
p < 0.001). There were no significant cyclical predictors of periodically missing
receiver tags detections (Table 4.2).
Figure 4.3: The autocorrelation function of lobster 159 at increasing time intervals. a) 5 min,
b) 15 min, c) 30 min, d) 45 min, e) 60 min, f) 120 min. Lag is one unit of the sampling period.
Figure 4.4: The autocorrelation function of lobster 194 at increasing time intervals. a) 5 min,
b) 15 min, c) 30 min, d) 45 min, e) 60 min, f) 120 min. Lag is one unit of the sampling period.
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Table 4.2: Effect of environmental periodicity on missing receiver positions.
Parameters Estimate s.e Wald p
Intercept -4.99 7.92 0.40 0.53
sine 12.4 h period -23.06 51.06 0.20 0.65
cos 12.4 h period -31.42 31.67 0.98 0.32
sine 12 h period 34.03 42.67 0.64 0.43
cos 12 h period -2.45 30.42 0.01 0.94
sine 24 h period -6.43 13.57 0.22 0.64
cos 24 h period -6.55 7.77 0.71 0.04
4.3.2 Behavioural Change Point Analysis
There were 20 lobsters that had more than 1000 positions and had been tracked for
one month or more, but there were only 8 that appeared to exhibit directional
movement (Fig. 4.5). Selecting an appropriate value of constant K that could be used
consistently across individuals was challenging. A smaller number of behavioural
change points were selected for the V p analyses compared to the log(V ) analyses (5 to
10 and 10 to 25, respectively). The parameter σ changed most often in V p flat analysis
(M2 Table 4.1). When there was a change in more than one parameter the most
frequent combination was a change in µ and σ (M4 Table 4.1). There was only a
change in more than 2 parameters for 2 lobsters, lobsters 159, and 168 (M7 a change in
µ, σ, and τ , Table 4.1). A change in µ only was the most frequently selected model for
log(V ) flat analysis (M1 Table 4.1); lobster 214 was the only lobster to change in all 3
parameters. The vast majority of mid-points between identified behavioural changes
were between 1900 h and 0600 h. For brevity only two lobsters are discussed in detail
here and additional lobsters are presented in Appendices: A.1.
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The more directional movement by lobster 168 was identified by both the smooth and
the flat analyses (Fig. 4.6). BCPA analyses identified restricted or encamped
behaviours as those with negative µ values, and directional behaviours had larger τ
values and larger µ and σ values (Fig. 4.6c and Fig. 4.6f). The smooth BCPA analyses
for lobster 200 (Fig. 4.7) and lobster 160 were similar, in both cases directional
movement was associated with larger values of τ and an increase in µ and σ (Fig. 4.7a
- Fig. 4.7c). The flat BCPA differentiated all of the directional movement (large τ ) from
the restricted tortuous movement (lobster 200, Fig. 4.7d - Fig. 4.7e), and there was a
smaller range of σ values associated with the restricted movement compared to
lobster 168 (Fig. 4.6f and Fig. 4.7f, respectively).
The log(V ) analyses produced more variable results compared to the V p analyses.
Smooth BCPA did associate larger τ values with larger values of log(V ) (lobster 168,
Fig. 4.8a - Fig. 4.8c), but the flat BCPA did not produce such a clear distinction
between fast and slow movement (Fig. 4.8d - Fig. 4.8e). The log(V ) analysis for lobster
200 was also variable and potentially misclassified behaviour during the smooth and
flat BCPA, (Fig. 4.9a - Fig. 4.9e). In both smooth and flat BCPA the σ is relatively
constant for the lower values of τ ; however, large values of τ were associated with the
full range of µ values in the smooth analysis (Fig. 4.9c). Likewise there was no
differentiation between small and large values of µ in the flat analysis (Fig. 4.9f).
Although flat analyses and smooth analyses are not directly comparable due to the
differing definitions of ‘threshold’ and ‘cluster width’ flat analyses using V p and
log(V ) consistently selected more change points during times of restricted movement
than were identified by the smooth analyses, (Fig. 4.6 - Fig. 4.9). Overall the models
using log(V ) were a better fit and did not suffer from the extreme values associated
with the V p analyses (Fig. 4.10).
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Figure 4.10: Diagnostic plots from BCPA analyses Fig. 4.6-Fig. 4.9. a) persistence velocity of
lobster 168, b) log velocity of lobster 168, c) persistence velocity of lobster 200, d) log
velocity of lobster 200. Within a-d left = qqplot, middle = histogram of the standardised
residuals, right = autocorrelation function of the standardised residuals.
4.3.3 Hidden Markov Models
There was evidence of two behavioural states of the European lobster identified by
the HMMs; however, only a small number of models converged using multiple
imputation (Table 4.3 and Fig. 4.11 - Fig. 4.14). The drivers of movement differed
between individuals, but changes in the probability of transitioning from state 1
(resting/restricted movement) to state 2 (longer movements) were influenced by the
tidal cycle (12.4 h cycle, lobsters 159 and 204, Fig. 4.11 and Fig. 4.14, respectively) and
the time of day (24 h cycle, lobster 168 Fig. 4.12). Lobsters that were influenced by the
tidal cycle had a higher probability of transitioning from state 2 to state 1 in the 2
hours after high tide compared to the later half of the tidal cycle when they were more
likely to transition into state 2 and undertake long range movement (Fig. 4.11c and
Fig. 4.14c). Lobster 168 had a lower probability of transitioning from state 2 to state 1
between the hours of 0500 and 1000, and subsequently a higher probability of being in
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state 2 compared to state 1 during these times (Fig. 4.12a and Fig. 4.12c). There was
also evidence of the importance of edge habitat for longer range lobster movement
(Fig. 4.13). Lobster 170 had a higher probability of transitioning from state 1 to state 2
with increasing contrast between substrate (Fig. 4.13c) and therefore being in state 2
when there was the greatest contrast between substrate values (Fig. 4.13d); there was
equal probability of lobster 170 being in either state in areas where substrate was less
variable. Where environmental covariates improved models, such as hardness slope
and depth slope, they often performed similarly and with less than 2 AIC between
models, underlining the importance of edge habitat, but also the possible collinearity
between depth and substrate change. There were some issues with the CRAWL best
fit models, and the multiple imputation models. The confidence intervals associated
with state 2 were large and in some cases spanned 0 (Table 4.4). There was also a large
number of turns centred on pi (Fig. 4.11b - Fig. 4.14b), that were not present in the best
fit models, and that were not accounted for in the modelled distributions; these turns
either belong to a further third movement state, or are an artifact of the multiple
imputation, i.e. error associated with small movement steps (Pohle et al., 2017).
Initial CRAWL models were sensitive to the predictive time step used. Models with
cyclical covariates, such as, 12.4 h or 24 h periodicity were not selected as the best fit
models at larger predictive time steps (lobsters 159 and 194) and models containing
environmental covariates (e.g. hardness slope) were no longer better than the null
model (Table 4.3 and Appendices). The multiple imputation step was also sensitive to
the number of data points and the predictive time step used, with many models
failing to converge successfully at 2 h and 3 h predictive time steps (Table 4.3).
Initially the best fit model for lobster 204, using a 2 h activity and a 2 h predictive time
step, included both a 12 h cycle and a 12.4 h cycle (Table 4.3). This more complicated
model did not converge using multiple imputation, but the simpler 2nd choice model
did (12.4 h only, Fig. 4.14). Similarly with lobster 214, the best fit model was a 12. 4 h
cycle for the transition probabilities and as a function of step length, this model did
not converge using multiple imputation, but a simpler model that included only 12.4
h cycle for the transition probabilities did. There were 12 best fit models that included
the covariate as a function of one of the state distribution parameters (Table 4.3), none
of these converged using multiple imputation.
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Table 4.3: Best fit HMMs based on AIC. If a model containing a covariate was not better,
only the null model is presented. ∆ AIC is the difference between the best fit HMM and
the null model. a denotes models that failed to converge using multiple imputation. b
denotes models that are presented in Fig. 4.11 to Fig. 4.14.
Lobster ID
Activity
Interval
Predictive
Interval
Model ∆ AIC
159 1.5 h 1 h 12.4 h cycle 29.4b
159 1.5 h 2 h 12.4 h cycle 21.3
159 1.5 h 3 h 12.4 h cycle 2.7
159 2 h 1 h 12.4 h cycle 26.6
159 2 h 2 h 12.4 h cycle 2.7
159 2 h 3 h Depth slope angle (◦) 49.5
165 1.5 h 1 h 12.4 h cycle 19.14a
165 1.5 h 2 h Depth slope (◦) zeromass 136.16a
165 1.5 h 3 h Depth slope (◦) zeromass 163.91a
165 2 h 1 h 12.4 h cycle 20.18a
165 2 h 2 h 12.4 h cycle 21.44a
165 2 h 3 h Depth slope (◦) 3.05
168 1.5 h 1 h 24 h cycle 58.1b
168 1.5 h 2 h 24 h cycle angle 57.1a
168 1.5 h 3 h Null model 0.0a
168 2 h 1 h 24 h cycle 125.6
168 2 h 2 h 24 h cycle + hardness slope (%) 15a
168 2 h 3 h Null model 0.0a
170 1.5 h 1 h Hardness slope (%) 27.4b
170 1.5 h 2 h Depth slope (◦) 27.8
170 1.5 h 3 h Depth slope (◦) 10a
170 2 h 1 h Hardness slope (%) 19a
170 2 h 2 h Hardness slope (%) zeromass 22.2a
170 2 h 3 h Hardness slope (%) zeromass 19a
194 1.5 h 1 h Depth slope (◦) 19.8a
194 1.5 h 2 h 24 h cycle + Depth slope (◦) 43.1a
194 1.5 h 3 h Null model 0.0a
194 2 h 1 h 24 h cycle + Depth slope (◦) 45.4a
194 2 h 2 h 24 h cycle + Depth slope (◦) 30.5a
194 2 h 3 h Null model 0.0a
200 1.5 h 1 h 12.4 h cycle 7.9a
200 1.5 h 2 h Hardness slope (%) 50.2a
200 1.5 h 3 h Depth slope (◦) zeromass 10.5a
200 2 h 1 h 24 h cycle 13a
200 2 h 2 h Depth slope (◦) 220.5a
200 2 h 3 h 24 h + Depth slope (◦) 15.8
204 1.5 h 1 h Depth slope (◦) zeromass 179.7a
204 1.5 h 2 h Depth slope (◦) angle 84.2a
Continued on next page
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Table 4.3 – Continued from previous page
Lobster ID
Activity
Interval
Predictive
Interval
Model ∆ AIC
204 1.5 h 3 h 12 h cycle 6.3a
204 2 h 1 h 12.4 h cycle + 12 h cycle 55.1a
204 2 h 2 h 12.4 h cycle + 12 h cycle 26.6a
204 2 h 3 h Hardness slope (%) zeromass 59.2a
214 1.5 h 1 h 12.4 h cycle step 61.01a
214 1.5 h 2 h Hardness slope (%) 12.82
214 1.5 h 3 h Hardness slope (%) angle 10.83a
214 2 h 1 h 12.4 h cycle 52.33a
214 2 h 2 h 24 h cycle + 12.4 h cycle 126.76a
214 2 h 3 h Depth slope (◦) 21.84
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4.4 Discussion
Acoustic telemetry is an effective method for remotely studying animal movement in
the field, and this is the first time that acoustic telemetry data have been used to
explore decapod movement processes. There was evidence of different activity levels
and behavioural states within the small number of lobster tracks analysed, with
results supporting the findings of previous work relating lobster activity to
environmental periodicity (e.g. Scopel et al., 2006; Smith et al., 1998c), and
substrate (Skerritt et al., 2015; Geraldi et al., 2009). Despite acoustic telemetry
providing near continuous data collection the analytical techniques used in this study
highlight the ongoing challenges of studying cryptic marine organisms, such as
sampling rate, missing observations and the limitations associated with data
interpolation. These challenges are potential sources of bias and can complicate the
biological interpretation of models.
4.4.1 Autocorrelation and missing data
The cyclical behaviour of lobsters became more apparent at larger sampling periods.
Due to the sheltering behaviour of lobsters, a 5 min sampling period was chosen in
order to maximise the detections of the lobsters if they were active. However, lobsters
are slow moving and relatively sedentary for large amounts of time (O’Grady et al.,
2001). This can result in a high error to signal ratio for movements that are less than
the mean error, here approximately 4 m. The periodic use of shelters that follows a 24
h cycle is a well known aspect of lobster ecology (Scopel et al., 2006; Smith et al.,
1998c, 1999, 2000). Lobsters are also known to reduce activity levels, or use shelters in
response to high current speeds (Howard and Nunny, 1983); however, the current
speed was not measured during the 2013 data collection. Instead a 12.4 h cycle was
used to model the time from high tide under the assumption that the fastest part of
the flow would be 2 h either side of high tide, but this was not significant. The aim of
this analysis was to determine the effect of environmental periodicity on sheltering
behaviour. It is possible that there was an effect of the tidal cycle on activity (Howard
and Nunny, 1983), but that it was not sufficient to trigger sheltering behaviour, or
lobsters were sheltering but the tagged cheliped was extended outside the entrance,
and therefore lobsters were still detectable (Pottle and Elner, 1982).
4.4.2 Behavioural Change Point Analysis
There was evidence of both restricted and longer range directional movement using
BCPA. The results of BCPA were sensitive to the choice of ‘threshold’ and ‘cluster
width’. Changes in behaviour that were identified during periods of restricted
movement could be attributed to emergence behaviour; however, these could also be
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spurious change points identified due to the larger error to step length ratio
associated with shorter restricted movement steps (Hurford, 2009). Increasing the
cluster width in an attempt to homogenise behaviour during these times resulted in
changes to more directional or faster behaviour not being identified. This was
probably due to the time lobsters spent undertaking directional movement being
relatively short in duration compared to the amount of time they spent not moving, or
moving within a restricted area (Smith et al., 1998c). These differing timescales mean
that homogenous behaviour at increasing cluster width, an assumption of flat BCPA,
was unlikely. The range of µ values for the flat BCPA using log(V ) can be explained in
a similar way. The autocorrelation of log(V ) is likely to be highly dependent on the
tidal cycle and the substrate the lobster is traversing (Howard and Nunny, 1983;
Skerritt et al., 2015) and changes in speed may be observed over smaller time scales
than directional persistence. Change points in log(V ) may therefore be better
identified by using a smaller sweeping window, although smaller window sizes are
less robust and would potentially identify more spurious change points during times
of restricted movement (Gurarie et al., 2009).
4.4.3 Hidden Markov Models
The large number of small and zero step lengths contributed to the uncertainty and
the poor modelling of the state dependent parameters, particularly the turning angle,
as a result of a large noise to signal ratio (Hurford, 2009). In an attempt to address
this, larger predictive intervals were chosen; however, this resulted in smaller data
sets, impeding convergence, or a smaller number of transition probabilities per cycle,
resulting in environmental covariates being preferred at larger predictive time steps.
The confidence intervals associated with the mean step length in state 2 were large,
and as a result overestimated the proportion of time spent in state 2. The inclusion of
0 m step lengths in the state 2 distribution could be due to the larger predictive time
steps used; if there were not enough positions to fully describe the restricted tortuous
movements at positions where the lobster had temporarily stopped, the model could
classify the movement using the near 0 turn angle rather than the short step length.
This misclassification will likely have reduced the effect size of covariates and biased
estimates, not only in the state dependent distributions, but also the transition
probabilities. For example, the finding that lobster 168 had a higher probability of
being in state 2 during the hours of 0500 and 1000 is slightly surprising. Day time
movements of lobsters have been previously documented (Jury et al., 2001; Smith
et al., 1999, 1998c) and may be linked to periods of reduced diurnal light levels (Smith
et al., 1999). However, there was large variation associated with state 2 step lengths
and large numbers of zero or near zero step lengths being included in state 2
(Table 4.4, Fig 4.12 e) many of which likely occurred during day time hours as
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indicated by the results of the GEE. The inclusion of a 24 h cycle likely classified the
true day time movements and day time zeros, as a result of sheltering, together in
state 2, and the predominantly nocturnal restricted behaviour in state 1.
The number of behavioural states used in HMMs can be difficult to determine (Pohle
et al., 2017). Only 2 behavioural states were chosen to model lobster behaviour in this
study for simplicity of interpretation and due to the relatively small amounts of
directional longer range movement exhibited by tagged lobsters. HMMs are not true
representations of biologically relevant behaviour and it is likely that the behavioural
states of lobsters are more numerous, and differences between them more subtle, than
simply ‘restricted movement’ and ‘longer range movement’ (Langrock et al., 2012).
HMM models can have difficulty in modelling movement processes where large
amounts of small movements distances close to 0 are made, an alternative solution to
this problem would be to use a hierarchical approach, modelling both a fine-scale and
broad-scale movement process (Leos-Barajas et al., 2017a).
Using the lobsters’ detection period to derive an activity variable is a source of bias in
the current models that assume negligible and randomly distributed error (Langrock
et al., 2012). It is highly probable that there were missing observations due to
imperfect detection within a heterogeneous benthic environment, in addition to
missing observations relating to sheltering behaviour. Missing values may be more
likely to occur on hard substrate, where lobsters are also more likely to shelter.
Therefore it is difficult to decipher real or behaviour-related missingness, from
detection or habitat-related missingness in this case.
4.4.4 Conclusion
This study has further highlighted the variable nature of lobster movement patterns.
Although there is some uncertainty around the current results, previously known
relationships between environmental periodicity and activity have been linked to
fine-scale movement states for the first time. Due to the infrequent occurrence of
longer range movement, future studies should consider longer deployments to
maximise the opportunity to observe rarer behaviours within the tagged population.
Further work is required to establish if episodes of directional movement are related
to increased catchability. If movement is linked to catchability opportunities may exist
to quantify the proportion of the population available to the fishery at the time of
fishing, or within specific habitat types.
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Pinchy got dirty from chasing birds in the yard so I drew him a nice hot bath.
Homer Simpson
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Chapter 5. Quantifying the effect of movement rates on trap exposure
and capture probability of European lobsters
5.1 Introduction
Catchability of lobsters is known to change in relation to dynamic environmental
conditions (McLeese and Wilder, 1958; Tremblay and Smith, 2001; Bannister and
Addison, 1986). This change in catch could be due to the effect of these environmental
conditions on the properties of the resulting bait plume (McQuinn et al., 1988), the
propensity for animals to move (Howard and Nunny, 1983; Scopel et al., 2006), and
therefore discover more traps (Wiig et al., 2013; Watson III et al., 2009), or both. If the
effects of environmental conditions on catchability of lobsters are not fully
understood, estimates of abundance, such as catch per unit effort (CPUE) may be
biased as the assumption of linearity between catch and abundance is
violated (Stoner, 2004; Maunder and Punt, 2004).
Lobsters are known to move less under fast current conditions in aquarium
experiments (Howard and Nunny, 1983), and previous work on acoustically tracked
lobsters in the field has suggested that the probability of moving may change over the
tidal cycle depending on the time from high tide (Chapter 4). Understanding how
these often confounding effects may influence catchability in the field is challenging,
requiring spatially-explicit tracking of animals, measurement of the environmental
conditions, and a potentially large sampling period that is both long enough to
capture the variability in the environmental conditions, and achieve adequate
captures of tagged animals.
Due to the cost of the tags required for animal tracking, studies often provide very
detailed information, but only on a small number of tagged individuals. This small
sample size ultimately limits the ability of studies to make the population level
inference required to be useful to management (Fieberg et al., 2010). Simulation
modelling provides a cost-effective framework to develop a mechanistic
understanding of ecological processes and to investigate how individual level
properties might influence population outcomes (Grimm, 1999; Grimm and Berger,
2016). Although it is possible to infer the effect of lobster density or distribution on
catch using diver surveys (e.g. Miller, 1989; Tremblay and Smith, 2001; Watson and
Jury, 2013), a simulation approach is particularly useful for cryptic species such as H.
gammarus where fishery-independent or diver surveys are logistically
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difficult (Addison and Bell, 1997).
By simulating random and non-random distributions of lobsters on the seafloor
Addison and Bell (1997) were able to explore the effect of distribution on the capture
process, and determine that the effect of trap saturation was more important than
local depletion or the decline in bait attractiveness. Other simulation studies have
investigated the effect of trap spacing on catch (Cottus asper, Hippoglossus stenolepis
and Anoplopoma fimbria Eggers et al., 1982), the effect of trap interactions on the
estimated trapping area (Homarus gammarus and Cancer pagarus Bell, 2001), and the
effect of environmental change on population dynamics (Panulirus argus Butler, 2003).
A particular benefit of using a simulation approach is that a conceptual model can be
easily tested under different scenarios, for example, relating to lobster or trap
density (Bell, 2001).
The aim of this study was to gain a greater understanding of how environmental
covariates might affect catch, by investigating how the catchability of lobsters may
change over time in response to changes in current speed and the size of bait plumes
over the tidal cycle. Individual-based models were used to simultaneously investigate
how the probability that lobsters will undertake longer range movements changes
over the tidal cycle, and how this in turn affects the probability of capture throughout
the trapping period (soak time). Models were parameterised using previously
collected data on current speed and direction, and model outputs from Chapter 4, to
investigate how the probability of capture might be linked to the lobster movement
process. There were three main hypotheses: lobsters would encounter more traps,
and have a higher probability of being captured, when their probability of
undertaking longer range movements was highest; lobsters would be more likely to
detect and approach a trap earlier in the trapping period, when the bait plume was
large; and the probability of capture would be highest in low strength current
conditions, using large concentrations of bait that decays slowly.
5.2 Methods
5.2.1 Model environment
The model environment was a partial differential equation (PDE) advection-diffusion
model (Equation 5.1) that was coupled to the stochastic individual-based model of
lobster movement (Fig. 5.1).
∂c
∂t
+ u
∂c
∂x
+ v
∂c
∂y
= D
(
∂c2
∂x2
+
∂c2
∂y2
)
(5.1)
where c is the concentration, advection is a velocity vector (u, v), and D is the
diffusion parameter acting in both x and y directions. Diffusion process was negligible
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in the model relative to advection so was set at an arbitrary low level D = 1−5.
Set environment
Place individuals
Place traps
Time
1 to 72 h.
Tidal cycle
1 to 12.4 h.
Randomly select individual
Individual already captured?
Check time.
Check tide cycle.
In bait plume?
Determine transition
probability and draw
movement parameters.
Move to next position.
Determine transition
probability and draw
movement parameters.
At trap? New position.
Trapped? Update no.traps visited
Remove. Update catch total.
No
Yes
Yes
No
No
Yes
Figure 5.1: Conceptual model of lobster movement and capture process. Red dashed lines
indicate the order the model environment was created and the blue dashed lines indicate
the order of model time steps.
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The model environment was a 200× 200 grid where each cell represented 5 m. The
shape and size of the bait plume was modelled through integration as a spatial
2-dimensional PDE as a function of time and current speed. The current speed was
included as an advection term in the model (Equation 5.1). The bait plume was
integrated over a 72 h soak period, estimated every 60 min and integrated at 6 min
intervals. The ordinary differential equation model was solved using the method of
lines in the R package deSolve (Soetaert et al., 2010) and the advection-diffusion
model was discretised and integrated using ReacTran (Soetaert and Meysman, 2012).
Advection velocity was modelled using current velocity in the x and y directions and
was derived from field data measured by a current meter. The current speed was
measured between 12th and 27th of May 2016 approximately 2 km off Blyth,
Northumberland (55.1270◦ N, 1.5103◦ W) using a Nortek Aquadopp 3000 m current
meter (current speed ranged from 0.001 - 0.415 ms-1). This is an area of mixed rocky
outcrops and soft substrate known to be favourable to lobsters (see Section 2.2.2). As
advection velocity in the model was based on field data the speed and direction in the
x and y planes changed dynamically over the course of a 12.4 h tidal cycle.
The concentration of bait left in the trap after each time step was modelled as a
function of time (Equations 5.2 and 5.3, and Fig. 5.2). The initial concentration of bait
S0 decayed exponentially with time t:
St =
S0
exp(rbaitt)
(5.2)
where St is the bait concentration at time t and rbaitt is the rate of bait decline at time t.
As the true rate of bait decay was not known rbait can vary as a function of tlimit, the
time that the bait drops to 20% of its original value:
rbait =
ln(S0)− ln(S0 · 0.2)
tlimit
(5.3)
5.2.2 Capture rules
Traps were placed in two rows of 5 traps in the middle of the model environment. On
encountering a trap the probability of capture for each lobster was modelled using the
exponential decay function from Bell (2001).
Pentry =
P0
exp(rC)
(5.4)
where P0 is the initial probability of capture 0.5. The probability of trap entry Pentry
decreases as the number of lobster caught C increases, r is instantaneous rate of
change in Pentry defined as:
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Figure 5.2: Exponential decay of St as a function of rbait and tlimit when initial bait = 500.
Red = 24 h, light blue = 48 h, and dark blue = 72 h.
r =
ln(P0)− ln(0.01)
C0.01
(5.5)
where C0.01 is the threshold catch at which the probability of capture decreases to 0.01.
As in Bell (2001) C threshold was held at 5 and once captured, lobsters remained in
the trap and were not available to be captured again. If lobsters encountered a trap
and were not captured they were able to move randomly at the next time step and
were able to visit other traps in subsequent time steps. This is different from the
model by Bell (2001) that assumed this to be an unrealistic scenario; however, acoustic
telemetry data (see Chapter 2) revealed multiple trap visits are possible.
5.2.3 Lobster movement model
The lobster movement model was an individual-based model run over 72 time steps
to reflect a 72 h trap deployment period. Lobster movement was characterised by a
step length, which was the total distance the lobster was able to move in one time
step, and a turn angle, which was the direction that it moved during the time step.
Lobster movement was determined by one of two movement states: state 1 ‘restricted
movement’ (Fig. 5.3a and Fig. 5.3b) characterised by short step lengths and tortuous
turn angles or, state 2 ‘longer range movement’ characterised by longer step lengths
and directional turn angles (Fig. 5.3c and Fig. 5.3d). The movement state was
determined by a series of movement rules (see Section 5.2.4).
Lobsters n = 1000 moved within a continuous environment i.e. if the step length
exceeded the remaining space within the model environment the lobster ‘reappeared’
at the opposite end of the model environment. Initial lobster locations were
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Figure 5.3: Step length and turn angle distributions for the two movement states. Dark blue
= state 1 and light blue = state 2. a) State 1 step length shape = 2 and rate = 1, b) State 1 turn
angle, mean = pi and concentration = 0.5, c) State 2 step length shape = 9 and rate = 0.9, d)
State 2 turn angle mean = 0 and concentration = 0.95.
determined randomly within the model environment; once set-up these initial
conditions remained the same for the subsequent model scenarios, for example,
lobster one always started at the same randomly chosen location. Lobster movement
was incremental, moving 1 grid cell at a time for the duration of the step length. This
allowed the lobster to interact with its environment and bait plumes that occurred
between its position at time t and its new position at t+ 1. If a lobster encountered a
bait plume the distance to the trap location was calculated. If the trap distance was
less than or equal to the remaining step length the lobster went directly to the trap
and the probability of capture was determined by the number of lobsters already
present in the trap (Bell, 2001; Addison and Bell, 1997) (Equation 5.4). When the
distance to the trap was greater than the remaining step length the lobster went as far
as possible and had to wait until the next time step to move again. If it was still in the
bait plume then it continued towards the trap as described or, if not, it moved in the
direction drawn from the turning angle distribution. Therefore, if a bait plume was
encountered the probability of beginning to approach a trap was 1; however, as the
lobster had to wait until the next time step to complete its approach if its remaining
step length was insufficient to reach the trap, the probability of successfully locating
the trap became dependent on the size of the plume area, the degree to which it
moved between time steps, and the distance the plume was from the trap.
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5.2.4 Movement rules
At each 1 h time step of the simulation the order in which lobsters moved was chosen
at random. The movement state was determined as a function of the tidal cycle (12.4
h) and probabilities of transitioning between state 1 and state 2 (Fig. 5.3) were
extrapolated from Chapter 4 Fig. 4.11 using a loess regression. Step lengths were
drawn from the gamma distribution, and turn angles were drawn from the wrapped
Cauchy distribution (Fig. 5.3). A conceptual model of lobster movement and the
capture process is outlined in Fig. 5.1.
5.2.5 Model coupling
The bait plume model was integrated over a one hour period with a 6 min time to
solution. Only grid cells that exceeded the bait threshold were classed as containing
detectable levels of bait plume. The simulation bait threshold was held constant at 3
for all model runs, but a larger or smaller threshold would have resulted in a larger or
smaller bait plume. Plumes were then reclassified according to the trap number from
which they originated, this enabled the trap and the bait plume to remain identifiable
throughout the simulation.
The plume model and the movement model were both initiated at high tide, so that
transition probabilities for changing between the two movement states changed over
time with the corresponding current speed (advection). Movement parameters were
passed to the model at each time step so that they could be integrated over time with
the relevant plume and advection conditions. Plume models were run under different
conditions using unique combinations of starting values; three different values for the
initial bait (250, 500, 1000), three different values for tlimit (24 h, 48 h, 72 h), and three
different strengths of advection (0.5, 1, or 2 × the observed current speed) (Fig. 5.4).
5.2.6 Model outputs
The model outputs were the lobster’s movement state at each time step (1 to 72), the x
and y positions at each time step, if a lobster visited a trap (0 or 1), if a lobster was
caught (0 or 1), and the ID of the trap (1 to 10) that the lobster visited or was captured
in.
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5.2.7 Model analysis
Simulation outputs were first analysed using a Cox proportional hazard model using
R package survival (Therneau, 2015) to determine the relationship between the time to
capture and the covariates advection, the rate of bait decay as determined by tlimit, the
initial bait concentration, and the number of times a lobster spent undertaking long
range movement. Results from the Cox model suggested that the assumption of
proportional hazards was violated. Subsequently the cumulative catch over time was
modelled as a function of the asymptote, xmid (the point where the catch total is half
the size of the asymtote), and the scale parameter of the curves using nonlinear
least-squares (NLS) implemented in the R package nlme (using nlsList and sslogis,
Pinheiro et al., 2015). The resulting model coefficients were modelled as separate
multiple regressions to investigate the effect of advection, bait concentration, and tlimit
on the cumulative catch.
5.3 Results
Trap visitations followed a 12.4 h tidal cycle (Fig. 5.5a). The number of visitations per
time step reduced half way through the fourth tidal cycle after approximately 42 h
(Fig. 5.5); the number of lobsters caught also decreased over time. The largest
proportion of lobsters that were in state 1 at the time of capture were caught in the
first 6 h of trap deployment (Fig. 5.5). There was a spike in catch towards the end of
the first tidal cycle 12 h, and only small numbers of lobsters were caught after the
fourth tidal cycle (2nd day of deployment) (Fig. 5.5).
5.3.1 The probability of capture
The initial survival model contained all covariates; bait concentration was
non-significant and was removed from the model (p = 0.96). In the subsequent model
tlimit, advection, and the amount of time in state 2 were significant (Table 5.1);
however, the hazard was not proportional with time (Fig. 5.6). A second survival
analysis investigated an interaction between tlimit and advection, but this was
non-significant (p = 0.14).
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Figure 5.5: Total trap visitations and numbers of lobsters captured across all model
combinations. a) traps visited, b) number of lobsters trapped. Dark blue = movement state
1, light blue = movement state 2.
Table 5.1: Cox proportional hazard model estimates.
coef exp(coef) se(coef) z p
tlimit 0.006 1.005 0.002 2.46 0.014
Advection -1.137 0.321 0.108 -10.50 < 0.001
Time steps in state 2 -0.264 0.768 0.006 -43.44 < 0.001
Figure 5.6: Non-proportional hazard as identified by cox.zph. a) tlimit, b) advection, c)
number of time steps in state 2.
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5.3.2 Model catch rate
The rate of capture was highest in the first 12-24 h for all model combinations
(Fig. 5.7). The number of lobsters caught was highest when the advection was 0.5, and
lowest when advection was 2 (Fig. 5.7). The numbers of lobsters caught did not differ
between the 3 unique values of bait concentration (Fig. 5.7). The cumulative catch
curve was first modelled as an asymptotic logistic regression using NLS (Fig. 5.8). The
cumulative catch curve was modelled as a function of advection, bait concentration
and tlimit. Starting estimates were unable to be estimated for two of the simulation
models, advection = 2, bait = 250, tlimit = 24 and advection = 2, bait = 250, tlimit = 48,
and these were removed from the model. There was good agreement between the
fitted values from this model and the observed values from the simulation, (Fig. 5.9).
The estimates from the NLS were then modelled as multiple regressions. There was a
significant effect of advection and tlimit on the catch curve asymptote, but the initial
bait concentration was not significant (p = 0.34). The model was rerun with bait
concentration removed, there was a significant negative effect of advection (β =
-16.22, p < 0.001), and a positive significant effect of tlimit (β = 3.49, p < 0.001) on the
cumulative catch curve asymptote. There was no significant effect of advection, bait
concentration, or tlimit on xmid (advection and bait concentration p = 0.86, tlimit p =
0.08). There was a significant negative effect of advection on the cumulative catch
scale parameter (β = -2.63, p < 0.001), but both the initial bait concentration (p = 0.87)
and tlimit (p = 0.14) were not significant. The overall model fit for the asymptote model
was R2adj = 0.93, and for the scale parameter was R2adj = 0.41.
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5.3.3 Initial distance from trap
The effect of the initial distance between a lobster and the nearest trap (i.e. distance
from nearest trap at t = 0) on the probability of capture was investigated as a binomial
generalised linear model using the additional covariates, number of time steps in
state 2, advection strength, initial bait concentration, and tlimit. This model was
zero-inflated and was refitted using the zeroinfl function from the pcsl R
library (Zeileis et al., 2008). However, there were still too many zeros to effectively
model the relationship, and the possible impact of initial distance is discussed below.
5.4 Discussion
This study used a simulation model to investigate the effect of lobster movement in
relation to the tidal cycle on the probability of capture throughout a 72 h trapping
period and under different capture conditions. The largest numbers of lobsters in
state 1 were caught early in the tidal cycle when the bait plumes were large and close
to the trap. A previous field study found that smaller less mobile lobsters were caught
earlier in the trapping period before larger more mobile lobsters were caught
later (Watson and Jury, 2013). The number of lobster that were caught compared to
those that just visited (i.e. arrived by were not subsequently caught) was greatest in
first 3 h of the trapping period. During this time lobsters that were immediately in the
trapping area at the time of deployment were caught, as indicated by the large
proportion of trapped lobsters that were in state 1. The number slowly decreased over
the following 6 h as the number of lobsters in the area was depleted before increasing
slightly again as the tide began to move in the opposite direction and influence new
lobsters. The spike in catch in the first 12 h coincides with a higher probability of
being in state 2, thereby making reaching the trap in one time step more likely; it is
also early enough in the trapping period that the traps have not become saturated
which reduced the probability of capture. It is important to note that the precise
timing and magnitude of this spike will likely change depending on the point during
the tidal cycle the simulation model is initiated. The simulation model by Addison
and Bell (1997) found that trap saturation was more important in determining total
catch than local depletion of lobsters.
5.4.1 The probability of capture
The three significant covariates in the survival analysis, tlimit, advection, and the
number of time steps in state 2, were all non-proportional with time. The positive
effect size of tlimit was particularly small. The number of trap visits decreased with
time, mostly likely due to the decreased size of the bait plume, but the effect is
masked at larger values of advection. In other words it is not the size of the bait
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plume, but the distance that the bait plume travels from the trap location, that is
important. The negative effect of advection was greatest in the first 12 h of trap
deployment, but approached zero towards the end of the first tidal cycle coinciding
with lower current speeds, and the increased probability that lobsters will be in state 2
undertaking longer more directional movement. If the lobster was in state 2 when a
bait plume was detected, they would have had a higher probability of reaching the
trap in one move, even at increased distance typical of high advection conditions, due
to the longer step lengths associated with state 2. The negative effect of the amount of
time the lobster spends in state 2 is largest early in the trap deployment when the rate
at which lobsters were caught was highest. This is because as the deployment time
increases the overall size of the bait plume became smaller and more difficult to
encounter. It could also be due to the effect of trap saturation on the capture
probability later in the soak; however, as the density of lobsters was fixed the true
effect of density dependence relative to the other covariates can not be known.
5.4.2 Model catch rates
The catch rate was insensitive to the concentration of bait in the trap. The negative
effect of advection on the cumulative catch curve asymptote suggests the maximum
catch is achieved at smaller values when traps are deployed in stronger currents.
Under high advection conditions the plume will be smaller and farther from the trap,
therefore the probability of reaching the trap in one time step, and remaining in the
plume at the next time step is less likely. The positive effect of tlimit on the asymptote
suggests that if the concentration of bait and the subsequent size of the plume reduces
slowly over the trapping period the total maximum number of lobster caught is
larger. The slower rate of bait decay means that lobsters can still be influenced by the
trap later in the deployment; asymptotes are then reached later in the soak. The
significant negative effect of advection on the scaling parameter suggests that the
catch rate is slower under high advection conditions, again this is because it is
generally harder to successfully reach the trap in high advection conditions.
5.4.3 Model limitations
Modelling the bait plume
The rate of advection was faster than the rate of diffusion in the PDE model, and as a
result the bait plume moved a distance from the source of the trap that was
dependent on the strength of the current. As lobsters had to either get to the trap in
the remaining step length, or still be in the bait plume at the next time step, the
probability of reaching the trap was a function of the distance the plume had travelled
from the source trap. Although the probability that a lobster will approach a trap is
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presumed to be a function of distance from the trap, the exact mechanism will be
more complex than the simplified effect created by advection in the present model.
Attempts were made to investigate the effect of initial distance from the trap, but the
large number of zeros made this impossible.
The current model assumes that lobsters move straight towards a trap once in a bait
plume after encountering a bait threshold. Lobsters will only respond to olfactory
cues that they identify as biologically relevant and that are present in large enough
concentrations to elicit a response (Derby and Atema, 1981; Page et al., 2011).
However, the movement of a lobster searching for bait within a plume is unlikely to
be a straight line due to changing concentrations as a result of bottom currents,
turbulence and mixing (Webster and Weissburg, 2001, 2009; Reidenbach and Koehl,
2011). Therefore, the time a lobster takes to arrive at a real trap may be longer, over a
larger distance, and as such, the probability of successfully arriving at the trap is
potentially low. The bait plume in this model was a function of time and current
speed and as a result the bait plume was further from the trap in strong current
conditions. Therefore arriving at the trap successfully was still a function of the
distance from the trap (Bell, 2001; Addison and Bell, 1997). Furthermore the lobster
was required to still be in the bait plume at the next time step if it was to continue its
movement towards the trap. This approach may lack the realism of some previous
studies that have specifically addressed the complexities of bait-searching
behaviour (e.g. Vabø et al., 2004), but the purpose of this simulation was to model the
probability of capture as a function of lobster movement, current speed, bait
concentration, and the rate at which bait decays, not fine-scale olfaction.
Trap saturation (Bennett, 1974) and interaction between traps (Smith and Tremblay,
2003; Bell, 2001) are important density dependent processes that can affect the
probability of capture. The simulation model in this study included trap saturation by
reducing the probability of capture after a catch threshold was reached (Addison and
Bell, 1997; Bell, 2001). However, all traps in the simulation were considered
independent of each other and none of the bait plumes overlapped. The assumption
of trap independence and non-overlapping bait plumes simplified the identification
of plumes between time steps and reduced the run time of the models, but is an area
for future development.
The probability of lobsters transitioning from state 1 to state 2 followed the tidal cycle
as estimated in Chapter 4, but did not change in relation to the changing strengths of
advection i.e. 0.5, 1, or 2 × the current speed. In reality it is likely that the probability
of moving would change in response to a smaller or larger range of current
speeds (Howard and Nunny, 1983). For example, in overall lower current speeds
(advection = 0.5) lobsters may be less constrained in their movements and the
patterns observed in this study may be less pronounced.
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In this model all lobsters move only in relation to the tidal cycle, other sources of
environmental periodicity, most noticeably the 24 h cycle (Smith et al., 1998c, 1999,
2000), are not included. It would be possible to model this cycle either as a separate
model to compare the effects of both tidal and day-night cycles on the numbers of
lobsters caught, or as a joint probability. Currently the model only contains lobsters,
but could be easily adapted to include crabs (Bell, 2001). Again these are areas for
possible future work.
5.5 Conclusion
A particular strength of this modelling approach was that the shape of the bait plume,
and the relationship between the capture probability of a lobster and its distance from
the trap, did not have to be estimated as in previous studies. As a result they were
able to change dynamically with the current speed and bait concentration over time,
thereby including multiple aspects of the catch process in one model. Further
modifications are possible to improve the realism of the model, such as additional
drivers of movement, or individual variability. In its current form the model
demonstrates a possible framework for testing the effects of multiple dynamic
environmental processes on the probability of capture, and is of broad interest to
fisheries management where a greater understanding of the effects of environmental
drivers of catchability is required.
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If you believe in yourself, others will believe in you...
Pepe the King Prawn
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Chapter 6. Discussion
The focus of this thesis was to address knowledge gaps relating to the behavioural
and spatial ecology of H. gammarus, and to infer how behavioural differences between
lobsters may affect catchability. This work has offered new insight into how acoustic
telemetry data can be used to study lobster movements and behaviour in the field, in
particular the benefits of the increased realism that field studies can offer (Chapter 2).
As the accuracy and miniaturisation of marine telemetry equipment has improved,
techniques that have been commonly used within the terrestrial environment are now
able to be used within the marine environment to infer space-sharing that would only
have been previously possible via SCUBA surveys (e.g. Karnofsky et al., 1989a;
Moland et al., 2011b) (Chapter 3). The naturalistic conditions and unconstrained
movement of lobsters that field studies can offer are often a trade off between the
experimental control that can be achieved in aquarium or mesocosm
studies (Watson III et al., 2009). Where uncertainty can arise from measurement error
or missing data (Chapter 4), greater understanding of the mechanistic processes that
may drive movement can be achieved using simulation studies (Chapter 5). Many of
the approaches used in this thesis have not previously been attempted for Homarus
lobsters. They have offered further insight into the opportunities and difficulties
associated with studying lobsters in the field, and a new perspective on how acoustic
telemetry could be used to fill the knowledge gaps within lobster fisheries.
6.1 The importance of studying lobsters in the field
Previous studies undertaken in aquariums (Karnofsky and Price, 1989a; Shelton, 1981;
Moore et al., 1991) and mesocosms (Watson III et al., 2009; Scopel et al., 2009) have not
been of sufficient spatial scale to fully describe the movement patterns of Homarus
lobsters. Acoustic telemetry provides a method for studying lobster behaviour in the
field, and with careful consideration can be used to undertake experiments relating to
behaviour in the vicinity of a trap. Distinguishing non-random from random
behaviour can be difficult (Watson III et al., 2009), but there are well-established
statistical techniques available to test these differences (Gotelli and Graves, 1996), if
suitable behavioural metrics are derived from the tracking data. The variability in the
distance that lobsters approached traps in Chapter 2 was larger than previously
observed in a mesocosm (Watson III et al., 2009), but within the range of other similar
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species (e.g Skajaa et al., 1998; Jernakoff and Phillips, 1988); and it is therefore likely
that investigating catchability in the field can give more accurate estimates of the
maximum distance of attraction. In addition to providing increased space, field
experiments also capture the effect of dynamic environmental conditions reflective of
those experienced by the population (Cote et al., 2018).
Watson III et al. (2009) derived the size of the effective trapping area in their
mesocosm study by assuming a circular bait plume. Although the bait plume
modelled in Chapter 5 was a simplified version of the true process it illustrates clearly
that at sites with a highly directional current, as in this study, an assumption of a
circular bait plume is not valid (McQuinn et al., 1988). If current speed and turbulence
data were collected at a higher spatial resolution, bait plumes could be modelled in
greater detail. These models could then be used to validate the observed distances
that lobsters approached the traps. Due to the behavioural interactions associated
with traps (Richards and Cobb, 1983; Miller, 1990; Bennett, 1974), diver surveys still
provide the most accurate estimate of lobster density in the field, although detection
of well concealed lobsters can be difficult. These dive-based surveys of lobster density
could be used along with the validated bait plumes to give an estimate of the area of
bait influence in the field under dynamic tidal conditions. Additional experimental
work could further investigate non-random movement by fixing the location of bait
sources over a longer time period to assess the impact of known locations and
movement paths on capture probability.
Lobsters are known to move in relation to environmental periodicity (e.g. Scopel
et al., 2009; Tremblay and Smith, 2001; Howard and Nunny, 1983). Findings from
Chapter 4 suggest that while day-night cycles affect activity levels (Scopel et al., 2006;
Smith et al., 1998c, 1999, 2000), i.e. undetected (sheltering) vs detected (not
sheltering), the 12.4 h tidal cycle may be influential in driving changes in movement
patterns (Howard and Nunny, 1983). If the effect of current speed on movement and
catchability changes over the tidal cycle, as simulated in Chapter 5, then the potential
bias created by unequal soak times, typical of fishery data could be amplified by the
stage in the tidal cycle in which the traps are deployed. As both the distribution of
lobsters and fishers is non-random (Galparsoro et al., 2009; Wahle and Steneck, 1992;
Wahle, 1992b; Turner et al., 2013), and current conditions are likely to vary between
local sites and geographic regions, how the capture process changes over the tidal
cycle could be a source of regional variability and subsequent uncertainty in catch
estimates (Stoner, 2004; Maunder and Punt, 2004). The simulation framework
developed in Chapter 5 has the potential for further development and could provide
a method for fisheries managers to explore catch under different dynamic conditions
appropriate to their region. Further work is necessary to investigate the effect of the
tidal cycle on catch rates compared to that of trap saturation.
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Findings from Chapter 3 underlined the clumped distribution of lobsters in relation to
suitable habitat (Galparsoro et al., 2009; Wahle and Steneck, 1992; Wahle, 1992b), and
provided additional insight into their distribution in relation to other tagged lobsters.
As in Chapter 2 the distances moved by some individuals were larger than those
achievable in a mesocosm study (Watson III et al., 2009; Scopel et al., 2009). An
obvious shortcoming of this approach is that behavioural interactions can only be
assessed in relation to other tagged lobsters. It is this clumped distribution of lobsters,
driving the non-random distribution of fishers, that can make accurate estimates of
fishing effort from fishery data problematic (Walters, 2003). Although only a small
proportion of the population were tagged in this study, the methods used in
Chapter 3 could be useful in understanding the spatial distribution of different sizes
and sex of lobsters, if a wider range of sizes were tagged in the future. This
information would be useful to fisheries models where the assumption of spatial
coverage of the population is assumed constant, such as the currently used
length-based analyses (Cefas, 2017).
An acoustic telemetry array deployed at a single site can not fully describe the
relationship between available habitat, lobster movement, and fishing effort, that is
required to better understand the temporal changes in distribution and catchability
needed to improve population estimates (Miller, 1990). An acoustic telemetry study
run in tandem with a mark-recapture study using persistent T-bar tags could provide
additional information on the presence of individuals within an area, perhaps
allowing for the distances moved between the acoustic and marked individuals to be
compared to better infer population-level movement. Although this would save
money on acoustic tags, and mean that individuals outside the array still provided
information on distance travelled, mark-recapture studies are labour intensive, and
costly in terms of boat days, and may not be cost-effective. It is important to consider
that there is likely a proportion of lobsters, due to individual-level traits, that are
invulnerable to trapping (Karnofsky and Price, 1989a), and therefore regardless of
tracking or marking method, if study lobsters are caught using traps then inference is
biased towards the trappable proportion of the population.
6.2 Tracking technology, data availability, and lobster movement
It is an ongoing challenge to correctly identify the scale at which tagged animals are
responding to their environment, particularly when outcomes of analyses may be
dependent on the spatial or temporal scale (Scales et al., 2017; Benhamou, 2014). The
substrate data used in this study was 5 m in resolution, although this may be
considered high resolution it is likely lobsters are operating at a finer-scale and in
response to features not captured by the Olex system. This may explain the limited
role substrate played in explaining the lobster movement process. When substrate
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was favoured in the hidden Markov models (Chapter 4) it was the variability
associated with the surrounding measurements that were selected suggesting mixed
substrate or edge habitat as most important for movement (Skerritt et al., 2015;
Geraldi et al., 2009). The reduced significance of environmental periodicity at
increased predictive intervals in Chapter 4 highlights the importance of the sampling
rate and study duration when investigating the effects of dynamic environmental
conditions (Scales et al., 2014). The potential importance of the tidal cycle on
catchability (Chapter 5) may become more pronounced during spring tides, but as
these only happen once a fortnight several months of tracking would be necessary to
achieve adequate information. Prolonged tracking in an active fishery close to a busy
port, similar to the study site used in this thesis, is challenging: equipment may go
missing or be moved (intentionally or accidentally); competing traps may be set on
top of carefully placed geo-referenced ground lines; and tagged lobsters may be
fished out. Financial incentives have the potential to prevent or protect against some
of these issues, but it is not feasible in the long term and outwith the budgets of many
PhD studies. They also do not protect against nature-based setbacks, such as lobsters
moulting out their tags, or moving out of the array (always intentionally, never
accidentally). Equipment loss and sabotage were not a problem for this study, but
only a small number of lobsters responded to traps in Chapter 2, limiting the
population-level interpretation.
Lobsters are generally slow moving (O’Grady et al., 2001) and a longer delay between
tag transmissions would have reduced the noise to signal ratio; however, their
association with shelter-providing habitat requires that data are collected at
high-resolution to detect their infrequent movements. Sub-setting data to achieve a
longer time interval is possible, or predicting at larger time intervals as in Chapter 5;
however, it is not fully understood how the change in temporal scale affects the
interpretation of the movement process (Rooney et al., 1998; Scales et al., 2017).
Although the short sampling delay created a large error associated with short step
lengths it was not short enough to capture the back and forth movements that
characterise the early escalation of aggression important in lobster
behaviour (Karnofsky and Price, 1989b), limiting the biological interpretation of
interactions in Chapter 3. The sampling rate is a trade-off between the multiple
spatial and temporal scales at which movements, and behaviours occur. There is the
possibility that accelerometers could provide additional information on lobster
activity at the time of the interaction. Jury et al. (2018) indicate that activity levels
recorded by accelerometers may reflect distance travelled, but additional studies in
the aquarium and field investigating sampling rates, sampling period, an important
consideration for Vemco style transmitting tags (Taylor et al., 2013), and attachment
method would be necessary before behavioural inference was possible. Finer-scale
acceleration data would be achievable with a standard stand alone accelerometer;
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however, the size of the tag necessary for data storage, and retrieval of the tag from
the field would be problematic. A more useful improvement in the short to mid-term
would be to gather behavioural observations in addition to an acoustic telemetry, or
to integrate a movement study with a mark-recapture study to infer what other
individuals are present in the area. The presence of non-tagged individuals is
unknown and therefore their effect on others can not be studied; this is a limitation to
inferring behaviour in many tagging studies, but particularly those that can not
ground truth observations due to logistical challenges.
The data used in this thesis are inherently irregular due to the sheltering behaviour of
lobsters, this behaviour-related missingness was in addition to detections that were
also missed while lobsters were moving. As missing detections were more likely on
hard substrate where lobster were also more likely to shelter the causes of missing
observations were confounded and difficult to interpolate. Analytical techniques that
explicitly state that they are robust to missing data (e.g. Gurarie et al., 2009;
Auger-Me´the´ et al., 2017; Johnson et al., 2008) are developed in response to
technological short-comings, such as limited contact with satellites and large
positional error (ARGOS and geolocators), or coarse tracking due to a need to
maximise battery life. Often the type of missingness can be inferred using appropriate
covariates; however, as previously stated detection and behaviour were confounded
in this case. This inability to correctly differentiate between these two drivers of
missingness was a major source of uncertainty and bias when modelling the lobster
movement process. Although substrate hardness values generated by the Olex system
were correlated with higher level habitat data (Skerritt, 2014), habitat-level data may
have provided greater insight into the underlying structure of the substrate rather
than just its hardness that would have been useful throughout the approaches used in
this thesis. More accurate estimates of the utilization distribution and overlap in
Chapter 3 may be achieved using a weighted approach recently developed specifically
for missing and temporally irregular data (Fleming et al., 2018; Winner et al., 2018).
There was a large amount of uncertainty associated with the model estimates from
the HMMs in Chapter 4. The large error to signal ratio for slow moving animals is not
an easy one to solve and there are additional technological and methodological
improvements that are necessary. Alternative approaches to modelling the movement
process using HMMs would have been to model movement as a time to event
analysis using an ordered multiple events Cox proportional hazard model. This
would have involved defining the two movement states rather than estimating them,
and including covariates to investigate the probability of being in one of n defined
movement states. For example, a movement could be defined as a step length greater
than one standard deviation, i.e. moved verses not moved, or movements could be
more than two categories, not moving, moving within a restricted area, and moving
longer distances. There are two approaches which can be used to model multi-state
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processes: the Andersen-Gill approach where all events are assumed to be
independent; and the conditional approach where probability of event 2 happening is
conditional on event 1 having happened (Prentice et al., 1981).
6.3 Future work
In order to understand a catchability bias linked to sex or life history it is necessary to
understand the ecological processes that are linked to these potential differences in
behaviour (Stoner, 2004). The spatial and temporal scale of this study was limited,
and although there were a reasonable numbers of lobsters tagged, only a small
proportion responded to traps, remained in the study area, or exhibited the behaviour
of interest (i.e. longer range movement in Chapter 4). An obvious improvement
would be to increase the spatial coverage and the duration of the study; however, this
would come at an increased cost in both equipment and boat days for what may only
result in a small increase in sample size. If additional resources were possible an
integrated, multiple scale approach to studying lobster movement and behaviour
may provide more information (e.g. Cote et al., 2018, snow crab Chionoecetes opilio).
The acoustic telemetry array used in this study produced data on fine-scale
movement, but some lobsters did move outside the area and further information was
not available on their whereabouts. By varying the configuration of the array it would
be possible to gather data on both fine and coarser longer scale movements; smaller
VPS arrays could be deployed on multiple areas of hard reef substrate, and
presence-absence hydrophones in a linear array could be deployed to provide data on
coarser scale connective movements between study areas. Coupling an acoustic
telemetry study with a mark-recapture study could also provide information on
longer range movements and connectivity, and field effort could be reduced if records
of marked individuals caught by fishers were utilised (Cote et al., 2018). The majority
of the Northumberland lobster fishery consists of a number of small private
enterprises, where fishers operate within self-identified territories (Turner et al., 2013).
An integrated multi-scale study within the region would offer the opportunity to
study the spatial relationship between fisher effort, catch, and lobster movements.
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It’s not always what you say that matters, sometimes it’s what you don’t say.
Mr Krabs
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Appendix A. Appendices
A.1 Chapter 4: Additional BCPA outputs
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A.2 Chapter 4: Pooled estimates and variances for HMMs
Method for calculating pooled point (Equation A.1) and variance estimates
(Equation A.2) (Rubin and Schenker, 1986) as detailed in McClintock (2017).
θ =
1
n
n∑
i=1
θ(i) (A.1)
var
(
θ
)
=
[
1
n
n∑
i=1
var
(
θ(i)
)]
+
(
1 +
1
n
) [
1
n− 1
n∑
i=1
(
θ(i) − θ
)2]
(A.2)
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A.3 Chapter 4: Additional hidden Markov models tables
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